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ABSTRACT
The problems associated with the hydraulics o f flo a tin g  bound­
aries as well as the flow in covered channels were investigated theo­
r e t ic a l ly  and experimentaly.
A mathematical model was developed to p red ict the ve loc ity  and 
shear p ro file s  in two and three dimensional channels. An empirical 
f r ic t io n  fa c to r fo r  the cover underside that accounts fo r  both the skin 
and form resistances was introduced. To aid in solving these models, a 
method fo r  estimating the composite roughness was also presented.
A generalized non-uniform flow equation was developed to pred ict 
the sedimentary pattern in channels with loose flo a tin g  covers. A study of 
the behavior o f an arrested block a t the leading edge o f the cover was 
also presented. The d iffe re n t forces and the s ta b i l i ty  conditions were 
investigated fo r a general block s ta b i l i ty  case.
A comprehensive experimental program was carried  out to v e rify  
the developed mathematical models and to aid in obtaining the necessary 
empirical c o e ffic ie n ts . Based on these experiments, an empirical re la tio n  
fo r  the block s ta b i l i ty  problem, was also obtained. Good agreement was 
found between the theory and the experimental data w ith in  the tested  
lim its .
i i
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INTRODUCTION
Much o f the earth 's  surface experiences annually recurring  
Periods o f low temperatures which re s u lt in p a r t ia l or to ta l freezing  of 
a great number o f natural bodies o f w ater, and in the formation o f a 
f lo a tin g  boundary on i ts  surface ca lled  ice cover.
Ice covers are not the only known types o f f lo a tin g  boundaries. 
Floating plants such as the N ile  Rose or tre e  logs transported by r iv e rs  
are other types of f lo a tin g  covers. This work is  an investigation  o f the 
Problems o f f lo a tin g  boundaries with d ire c t app lication  to ice covers.
D e fin itio n  o f the Problem
In an open channel, Figure 1 .1 , when the temperature drops to  
° r  below a certa in  point water s ta rts  to fre e ze , forming ice . The ice  
accumulates, forming ice floes which tra ve l downstream u n til they s tr ik e  
an obstacle th a t stops them and the formation o f an ice cover begins.
The formation o f ice covers is  always associated w ith many 
hydraulic problems. One o f the key problems is  the flow p attern ; th at 
is ,  the ve lo c ity  and shear p ro file s . These p ro f ile s , in  tu rn , depend 
°n the sedimentary pattern  in the channel as well as the f r ic t io n  factors  
of the d iffe re n t boundaries.
On the other hand, when an ice block reaches an ex is ting  cover, 
i t  e ith e r remains stable and extends the cover or rides above or turns 
under the cover to thicken i t .  This depends on i ts  properties and the flow
conditions.
1
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3Although the ice cover problem has many other aspects, these 
Problems are among the more basic ones that warrant further investigation. 
This thesis deals only with these aspects of the problem.
The thesis w ill proceed with the development of the theoretical 
model, which is presented in Chapter I I I ,  a fter reviewing the litera ture  
in Chapter I I .  Then the experimental investigation w ill be described in 
Chapter IV, followed by the analysis of the model and its  results in 
Chapter V. An empirical relation to predict the leading edge s tab ility  
condition is presented separately in Chapter VI.
The necessary mathematical details and computer program listings  
along with the analysis of the significant error lim its of the experimental 
results are presented in separate appendices in order not to disturb the 
fluency of the subject presentation.
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LITERATURE SURVEY
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I I  LITERATURE SURVEY
This chapter reviews some o f the l i te r a tu r e  th a t deals w ith those 
ice cover problems mentioned in Chapter I .  For the sake o f s im p lic ity  the 
notations used in the d if fe re n t  l i te r a tu r e  reports were modified to agree 
with those adopted in th is  th es is .
2,1 D e fin itio n s  and Basic Assumptions
In a l l  the l i te r a tu r e  surveyed certa in  basic assumptions with  
regard to ice-covered channel flow  were, generally  agreed upon. These 
assumptions can be summarized as fo llow s:
The flow in an ice-covered channel is  g rav ity  open channel flow with  
a flo a tin g  boundary. Only g ra v ity  forces can e x is t and no pressure 
gradient w il l  be found.
2- The channel cross-section can be divided in to  two subsections, Figure 
2 .1 . Subsection (1) flows under the e ffe c t  o f the bottom and sides, 
while subsection (2) is  dominated by the cover.
3* The separation surface between the two subsections is  the locus o f no 
shear. With reference to a v e rtic a l lin e  i t  is  also the locus o f the 
points o f maximum v e lo c ity .
4- The equations o f co n tin u ity , momentum and energy can be applied to the 
channel cross-section in  to ta l and to each subsection on i ts  own.
In addition some common assumptions are applied to each sp e c ific  
Pr oblem associated w ith the cover. These sp e c ific  assumptions w il l  be
4
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Presented a t the appropriate p o in t.
The d if fe re n t  variab les used in th is  work and the notations 
given to them are shown in Figure 2 .1  and lis te d  in  Appendix F. In 
addition an explanation o f each notation w il l  be presented when i t  
f i r s t  appears.
2-2 V e loc ity  P ro file s  in Covered Channels
As ea rly  as 1938, Belokon(.after(3 9 )) adopted a power-1 aw ve lo c ity  
d is trib u tio n  with an exponent o f 1.5 fo r  each subsection. He also 
suggested th a t the mean v e lo c itie s  o f each subsection are equal and 
also equal to  th a t o f the to ta l channel, i . e .  = Vg = V, an assumption 
which became very popular la te r  in  sp ite  o f i ts  inaccuracy.
In 1948, Levi ( a f te r (3 9 ) ) ,  considering the case o f a wide 
channel, applied a logarithm ic v e lo c ity  p ro f ile  in  the form
u.j (y i ) = ( V * . / /2  k ) Ln y . /k .  , i = 1,2 2.1
where, k = Von Karman's constant, 
k. = roughness height,
V*i = shear v e lo c ity ,
u.j = ve lo c ity  a t point y^ away from the boundary, 
and i = 1 or 2 , and re fers  to the bed and cover subsections 
resp ective ly .
This equation was used to p red ic t the mean ve lo c ity  and hence 
to develop an expression fo r  the composite roughness.
In 1959, Barrows e t  a T (a fte r ( 2 ) presented some f ie ld  measurements
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7of the ve lo c ity  p ro file s  a t Chemung R iver, N .Y ., during d iffe re n t stages 
of ice form ation. They gave only descrip tive  analyses o f th e ir  data and 
suggested the use o f a parabolic v e lo c ity  p ro f ile .  Also in 1964, Devik 
(2) reported f ie ld  measurmenets o f ve lo c ity  p ro file s  in r iv e rs .
Synotin (32) in  1965 suggested th a t the ve lo c ity  structure o f the 
flow under the ice cover can be described by the re la tio n
V ./V ^  = 6.45 Log Yi / k i + 5 .6  + 2 .8  (1 -  ^ / Y . )  , i = 1,2 2 .2
which was developed using Russian data obtained by N ik it in .
In 1966, Carey (4 ) affirm ed once more the suggestion th a t the
mean v e lo c itie s  o f each subsection are equal and equal to th a t o f the 
to ta l channel. He also suggested the use o f the Karaman-Prandtl lograithm ic  
ve loc ity  p ro f ile  and resistance equation.
Hancu (a f te r  (39 )) in  1937., suggested the app lication  o f the 
ve loc ity  defect law to each subsection as follows
Vmax " “1 ^ 1 *  = ( V*i/K } Ln V Yi * 1 = 1»2 2 ‘ 3
He also presented some graphs which can be used to estimate  
Yl*  ^2* Yi  anc* ^2 anc* to estab lish  the ve lo c ity  p ro f ile .
In 1968, Yu, Graf and Levine (45) suggested the use o f a modified  
Manning re la tio n  to determine the mean ve lo c ity  fo r  each subsection in  
the form
1 d.Q ^ 7
Vi = s ( A ./  p /  ) , 1 = 1,2  2 .4
1/6
where Z equals (n2/n 1) and r  = 1/6 on the average but should be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
determined experim entally.
In 1969, Larsen (18) suggested the use o f the logarithm ic  
ve loc ity  p ro f ile  fo r  each subsection in the form
u.j (y i ) = 2 .5  V*. Ln 30 Y ./k .  , i = 1,2 2.5
which he used to determine Y^, Yg and the composite roughness.
Ohashi e t a l ( a f t e r (2 5 ))in  1970, gave the measurements o f the 
ve lo c ity  p ro file s  both under ir re g u la r  ice covers and in the open sections 
fo r the Hokaido R iver. In the same year Tsang (38) showed th a t the 
Presence o f f r a z i l  ice under the cover a lte rs  the v e rtic a l ve lo c ity  
P ro file  to a great ex ten t. Also he reported increases in the head loss 
and the ve lo c ity  between the f r a z i l  lay er and the bed.
In 1970, Tesaker (37) suggested the use o f the Prandtl type 
logarithm ic ve lo c ity  p ro f ile  to p red ic t the average subsection v e lo c ity , 
while the measurements o f the slope can be used to estimate the channel 
average v e lo c ity .
Zhidkikh, S inotin  and Guenkin (46) in  1974 pointed out the 
importance of the absolute values o f the boundary roughness in determining 
the position o f the maximum v e lo c ity  ra th e r than th e ir  re la t iv e  magnitude.
In 1975, Kanavin (14) presented some em pirical re la tio n s  fo r  the
v e lo c itie s  in ice-covered as well as open channels. He also presented some
f ie ld  data fo r  ice formation in R iver Daugava a t Koknese, Norway.
Drage and Carlson (11) suggested in  1977, the app lication  o f the
Regime theory to ice-covered r iv e rs . They proposed a flow equation in  the 
form
V = K Qm 2.6
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9where K and m are constants that should be determined experimentally.
Ism ail, Abd EL-Hadi and Davar (13) in the same year adopted a 
logarithmic velocity p ro file  in the form
u. /  V*i = <*, +  ^ Ln y ./Y i , i = 1,2 2.7
where *  and ^ were given graphically as a function o f the spacing 
ar>d height of the roughness elements and were determined experimentally 
1n a wind tunnel simulating the ice cover by steel angles fixed to its  
top surface.
In 1978, Burgi (3) presented a descriptive analysis of the flow  
in Gunnison River while Hirayama (25) reported some velocity measurements 
and a method fo r computing the flow -rate  in ice-covered channels.
 ^ Underside Configuration and Friction  Factor
The importance o f the determination o f the underside configu­
ration of an ice cover lie s  in its  e ffe c t on the sedimentary pattern 
and its  control o f the flow carrying capacity of the channel. The pre­
diction of the underside configuration of the cover requires the study 
°i: the behavior of the cover as a loose boundary s im ilar to that of 
sediment transport in open channels.
On the other hand, the fr ic t io n  fac to r plays a s ign ifican t role  
in the establishment of the velocity p ro f ile , the determination o f the 
energy losses and th e ir  mutual dependence on the underside configuration.
The to ta l carrying capacity of an ice-covered channel is  usually 
°btained using the flow equation. This requires the determination of a
Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission
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total friction factor, usually referred to as the composite roughness, 
that represents the different effects of each boundary involved. Reviews 
° f  the different methods of the composite roughness estimation were given 
by Haggag (12) and Uzuner (39).
In 1759 Brahms ( 9) suggested the application of the momentum 
e9uation to uniform flow in open channels. He then applied the equation
to the prism shown in Figure 2.2 and i t  resulted in
Total Shear = y. A.L.S 2.8
Chezy (9) in 1769 proceeded with Brahms' assumption and 
suggested the use of an average shear ( t ) for the channel boundary 
delated to the mean velocity of the flow in the form
t = K. V2 2.9
which Chezy combined with Equation 2.8 to obtain
V = C /U S  2.10
where R is the hydraulic radius and equals A/P, and C is a factor that 
Matter became known as Chezy's coefficient. This equation is widely 
deferred to as Chezy's equation.
Since Chezy introduced his equation some 200 years ago many 
Tnvestigators introduced different relations to evaluate Chezy's C.
These relations are readily available in the literature and will not 
be repeated here (9), (33), (44).
The investigation of the cover underside configuration started
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission
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in 1963, when W illia m s (a fte r(2 ))  presented some p ro b a b ility  charts fo r  the 
prediction o f the average ice thickness. In his analysis he assumed a 
constant thickness jam p ro f ile  w ith no underside configuration.
In 1966, Carey (4 ,5 ,6 ) ,  presented some f ie ld  measurements o f the 
St. Croix R iver, Wis, U .S .A ., taken during the two succeeding winters o f 
1965 and 1966 as the f i r s t  attempt to study the underside configuration  
° f  an ice cover. His observations can be surrcnarized as fo llow s:
A non-sim ilar sharp-crested dune formation was observed accompanied 
with some ripp les oriented transverse to the flow d ire c tio n .
2. The dunes had no standard p ro f ile .  Their wave lengths ranged from
0.5 to 1.0 f t  w ith heights ranging from 0.03 to 0.14 f t .  The 
greatest amplitudes did not necessarily occur w ith the greatest 
wave lengths. Also, the upstream face slopes were steeper than the 
downstream ones.
As a re s u lt Carey introduced the hypothesis th a t the va ria tio n  
in the in te n s ity  o f turbulence from point to point w ith in  the flow  
Results in  a d if fe re n t ia l  temperature g rad ient. This causes in te rm itte n t  
freezing or melting o f the ice thereby determining i ts  underside
configuration.
In 1966, Larsen (1 7 ), presented some f ie ld  measurements fo r the 
cover underside. His experiments involved successive measurements o f under­
side configuration o f real ice a f te r  exposure to actual flow conditions.
Ohashi e t a X (a fte r (2 5 )) ,in  1970, proposed an estim ation tech­
nique fo r  n^ by using the actual measurements o f v e lo c ity  p ro file s  and 
the position o f the maximum ve lo c ity  in the form
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Y 3/4
n2 = nl  (T2 " 1  ^ 2A1
which is in fact Pavlovskiy's relation for composite roughness 
determi nati on.
In the same yearTesaker (37) reported his observations of 
three Norwegian rivers. He measured the head losses and velocity 
Profiles and suggested the use of the Nikuradse equation to express 
the friction  coefficient as
l / / f 7 =  2 Log ( 14.8 ly k .  ) , i = 1,2 2.12
Ashton and Kennedy (1) introduced a mathematical model in 
1972, based on Carey's hypothesis, to relate the local heat flux to 
the normal component of the turbulent velocity near the boundary.
They also presented experimental results for a study of a bed formed 
°T ice in addition to some fie ld  data.
In 1973, Larsen (18), obtained fie ld  data from both the 
Kilforsen and Gailjaur channels in Sweden. He introduced the bed 
effect as a factor in the heat transfer process and showed that 
the cover is thicker near the banks than at the mid-channel with 
a gradual variation in between. He observed wave steepnesses of 
n° t  m°re than 0.1 with wave lengths of up to 1.2 f t  and heights of 
UP to .12 f t  f 0r f | 0W depths and velocities ranging from 3.0 -34.0 f t .
and 1.6-4.0 fps respectively. He noticed a proportional relation-
between the wave steepness and the friction  factor for which he reported
an n value of up to 0.03.
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Cowley and Hyden , (a f te r  (2 5 ) ) ,  in 1977, described a model 
study o f S t. Mary's River ice in which they studied the navigational 
fe a s ib il i t ie s  and jam form ation. In th e ir  experiments, sp ec ia lly  treated  
P las tic  blocks were used to sim ulate the cover as well as i ts  s tick in g  
and crushing properties .
In 1977, Tatinclaux (35) reported an experimental investigation
0-f  the jam p ro f ile  using 3" x 2.5" blocks made o f both real ice and 
P la s tic . The jam produced in th is  manner was short in  length which made 
i t  d i f f ic u l t  to  judge i ts  p r o f i le .  He reported some wavy fo rm ation ,.but 
his main aim was to determine an average equilibrium  thickness.
Is m a il, Abd EL-Hadi and Davar (1 3 ), in 1977, suggested the use of 
Darcy's equation and presented experimental resu lts  fo r  the underside o f 
the simulated cover g rap h ic a lly , w hile Mercer and Cooper (21) presented 
an analysis o f a major ice jam. Petryk (2 9 ) , in 1978, suggested a method 
to estimate jam p ro file s  based on a modified backwater curve analysis  
along with the c r i te r ia  fo r  the s ta b i l i ty  o f flo a tin g  flo e s .
In the same year Osterkamp (26) presented some concepts lim ite d  
to f r a z i l  ice form ation. He did not re la te  any o f his analysis to the jam 
P ro files  or f r ic t io n  fa c to rs , while Z s ilak  (47) presented some analyses 
the configuration o f  jams in which he u t il iz e d  the co n tinu ity  re la tio n  
as well as the force-balance concept.
The National Research Council Working Group on Hydraulics o f Ic e -  
Covered Rivers (2 5 ), in 1979, presented a summary o f the work on the 
resistance to the flow in ice-covered r iv e rs . In th is  study P ra tte  stated  
th at a va ria tio n  in the n value coincided with the va ria tio n  o f the cover
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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thickness in  the cross-sectional d irec tio n  as well as the longitudinal 
one. He reported th a t the cover is  always th ic k e r near the banks and 
suggested a value o f th a t equals Y^Yg.
2*4 In s ta b il i ty  o f Cover Blocks
The f i r s t  report about ice f lo e  s ta b i l i ty  was made by Mclachlan 
lu -1926-( a f t e r (40 )) based on bis observations o f the S t. Lawrence River ic e . 
he concluded th a t a very regu lar ice cover is  formed in rivers  a t water 
ve lo c ities  not exceeding 1.25 fps . He also noted th a t ice-covers may 
thicken and progress a t v e lo c itie s  up to 2.25 fps w ithout floes passing
underneath.
E stivee f in  1 9 5 8 (a fte r (2 )) gave the c r i t ic a l  v e lo c ity  value as 2.3
t °  2 .6  fps a f te r  his observations in Russian r iv e rs . While K iv is ild
(1 6 ), i n i 95gs pointed out th a t the Froude number o f the flow in  fro n t
° f  the cover should be the c r ite r io n  fo r  the flo e  s ta b i l i ty  and
suggested th a t i ts  lim it in g  value should be Fnc = .08.
Pari set and Hausser's work in  the same year (27) showed th a t
the cover w il l  not progress a t v e lo c itie s  g reater than 0.109 / “"ZgR.
This re s u lt was v e r if ie d  in C a rtie r 's  Flume but fa ile d  to hold in the
St. Lawrence R iver; so they proposed another c r i t ic a l  ve lo c ity  in  the 
form
( Vc/C  ) 2 = 0.00375 d + 0.005 qi 2 / 3 2.13
where Vc = c r i t ic a l  ve lo c ity  fo r  s ta b i l i ty  conditions 
C = Chezy's c o e ffic ie n t
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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d = mean equivalent diameter of ice blocks 
q. = ice discharge
They also reported some variation  in V , due to the existence 
adjacent blocks to the floes.
C artier in 1956 ( a f te r (2 ) )  reported ve loc ities  o f 2 .0 -1 .2  fps 
to l im it  the cover advancing and 1 .6 -3 .2  fps fo r overturning of the 
blocks; the varia tion  depends upon the block shape and dimensions. He 
also found experimentally that i t  was impossible to obtain upstream 
progression of an ice cover fed with big ice floes at ve loc ities  higher 
than 2.3 fps.
In the same year Michel (23) introduced an analytical solution  
to the problem. His analysis was based on the moment equilibrium  of a 
single block arrested in front o f an obstruction. He also introduced a 
■form coeffecient to describe the block geometry and determined its  value 
exPerimentally using rig h t paralleleppiped blocks.
Pariset and Hausser (2 8 ), in 1961, based th e ir  analysis on the 
continuity princip le  and the conservation o f energy between the sections 
with and without a cover. They introduced the no-sp ill condition, when the 
upper leading edge of the block is  a t the same elevation as the water 
surface, as the s ta b il i ty  c r ite r io n . They suggested the use o f Equation 
5 Table 2.1 to estimate the c r it ic a l Froude number.
Devik (1 0 ), in 1964, reported a lim itin g  velocity  fo r diving 
blocks o f 2.0 fps fo r Norwegian r iv e rs . In the same year Cousineau (a f te r (40)) 
confirmed Mclachlan's VQ = 2.25 fps observation adding that in fac t th is  
velocity was an upper l im it  which can be reached only under ideal
conditions.
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Michel (2 2 ), in 1966, presented a more elaborate analysis based 
°n the same assumptions o f Parisset el: al_ . I n  addition he introduced 
the e ffe c t o f the porosity in to  the problem and suggested the value o f 
the c r i t ic a l  Froude number as given by Equation 6 Table 2 .1 .
In 1967, Mathieu (2 0 ), reported th a t the c r i t ic a l  Froude number 
should be 0 .1 1 , while Oudshoorn (4 0 ) , in  1970, reported a f te r  his 
observations o f the Rhine River th a t Fnc should be in  the range o f 0.06 
to 0 .09 . Also in  1970, Synotin e t -a l ( a f t e r (4 0 ) ) ,obtained an em pirical 
exPression fo r  the c r i t ic a l  v e lo c ity  V , using p a ra ffin  blocks,as
Vc = ( 0.035 g L )** 2.14
where L is  the block length.
Uzuner and Kennedy (4 1 ), in  1972, analyzed the equilibrium  o f 
the forces and moments acting on the block. They used the n o -s p ill 
condition as the s ta b i l i ty  c r ite r io n  and ended with Eqution 7 o f Table 
2 *1 .Their analysis was extended by Ashton (1) , in 1974, where he 
introduced Equation 8 o f Table 2 .1  to p red ic t the c r i t ic a l  s ta b i l i ty
condition.
In 1974, Uzuner and Kennedy (4 2 ), suggested the adoption o f a 
0am collapse mechanism ra ther than a transport one in investigating  the 
s ta b i l i ty  problem. In the same year, Osterkamp (25) reported, a f te r  his 
observation o f the Tanana R iver, th a t a t a v e lo c ity  and a water depth o f 
^•5 fps and 18 f t  respective ly  the floes were observed to rid e  on the 
uPstream edge o f the jam.
Michel and Abdelnour (2 4 ), in 1974, reported an experimental
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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investigation  using wax blocks to simulate real ice flo e s . They 
expressed th e ir  findings as
i/pTo" (V -  /2g Sg l H ) = 0.055 (Y /B )3 *816 2.15
where a and p. are the modulus o f fle x u ra l strength and the u n it mass 
Respectively. This equation can be solved to obtain the c r it ic a l-  
Velocity.
In 1977, Mercer and Cooper (2 1 ), based on S h ie ld 's  re la t io n ,  
gave the value o f the c r i t ic a l  v e lo c ity  as
Vc = 0.46 /g  H1/6 L1/3 2.16
while Petryk (29) in the fo llow ing year suggested another re la tio n  
to express Mq as
VQ = 2.27 S5 (1 -  d/H) 2.17
where d is  the cover s ize in  f t .  He also reported th a t while thermal 
cover s ta b i l i ty  is  maximum during the central period o f w in te r, i t  is  
Minimum during the cover formation or break-up.
Tatinclaux and Chung(36), in 1978, presented the follow ing  
Relation to estimate the c r i t ic a l  v e lo c ity  o f in s ta b il i ty
V* /  V = 5.48 t /L  + 1.53 2.18
which is  lim ite d  to th e ir  experimental data. In  the same year Tatinclaux  
ar|d tee (3 5 ), based on an e a r l ie r  investigation  by Tatinclaux (34) 
suggested the use o f Equation 11 o f Table 2.1 to evaluate the s ta b i l i ty  
conditions o f ice flo e s .
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2.4.1 Generalized Formula
The literature equations reported in the previous artic le  can 
t>e expressed in the general form
F = F /  /2 Sn1 t/H = A + B (1 -  t/H) 2.19m nc gi
where F = a modified Froude number m
Sgl = the specific gravity difference = 1 -  Sg
and f = the c ritica l Froude number = V /  /g lLnc u
The different literature equations, modified to the general 
fOttn, are given in Table 2.1. The behavior of the coeffecients A and 
B, as given by these equations, is shown in Figures 2.3 and 2.4 
respectively. From these figures i t  can be seen that the literature  
equations are divided into two groups, one that considered Fm as 
constant (B=0) and the second relates i t  to t/H variation (A=0). Further 
discussions of the literature equations are given in Chapter VI.
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Mclachlan
(1926)
2.25/-/2g Sg lt 0
2
Michel
(1957) Ko 0 Kq is the shape factor
3
Sinotin 
(1970)
T.035 L/H~1 %
}  sg i H J
0 L is the block length.
4
Kivisild
(1959)
0.08 
/2 Sglt/H
0
5
Pari set & 
Hausser 
(1961)
0 1 Analysis of sinking blocks.
6
Michel
(1966) 0 (1 - P) P is the porosity of the cover
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Invest iga tor A B Remarks
7
Uzuner and 
Kennedy 
(1972)
0 f l  + (Cs -  3 -  1) (1 - t /H )2] * Cs, 3 are surface velocity 
and moment coefficients 
respectively.
8
Ashton
(1974) 0
0
[2.5 - 1.5 (1 - t /H )2!  H Static 
[1.5 -  (1 -  t/H )2] 55 Dynamic
Static and dynamic s ta b ility  
of the blocks
9
Tetanclaux
(1977)
0
( Sg t c/ t  -  l ) h  ( 1 -  t/H ) (3 r h 
x ( 1 + a Sg c (t /H )/( l-P )  T 1 
x ( (V/Vc)2( 1- Sg t c/H )2 -  1 )
t  = the cover thickness c
c = q^/ V t
Vc = c ritic a l velocity
a and 3 = experimental coef.
Patryk
(1978) 2:27 (j})* ( 1 -  4 )  
-/ 2g Sg l t/H
0
Used in his computer program, 
d is an indicative size. :
^Tetanclaux 
and Lee 
(1978)
0 [2.5 -  1.5 (1 -  [ - — ^ ------fl) h
2V J A= the block displacement
*
Table 2.1 continued
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CHAPTER I I I  
THEORETICAL INVESTIGATION
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I I I .  THEORETICAL INVESTIGATION
In th is  chapter the th eo retica l models fo r the problems men­
tioned in Chaper I are developed. The analysis proceeds by f i r s t  
developing the equations th a t describe the ve lo c ity  d is trib u tio n  in  
a c°vered channel. Then the re la tio n  between the cover underside con­
figuration and the bed-form is  presented following an empirical ex­
pression fo r the cover underside fr ic t io n  fa c to r . F in a lly , the block
s ta b ility  a t  the cover leading edge is  investigated.
Basic Assumptions
The follow ing assumptions were made throughout the course of 
the theoretica l analysis:
The flow is  quasi-steady.
The channel cross-section is  divided in to  two d is tin c t subsections, 
Figure 3 .1 ; subsection (1) is  governed by the bottom and sides while 
subsection (2) is  contro lled  by the cover.
• The separation lin e  between the two subsections is  the locus o f the
Points o f maximum ve lo c ity  which in turn are the points o f no shear. 
4* The wetted perimeters r a t io ,  a ,  and the hydraulic ra d ii ra t io ,  X; , 
are defined as
*  s Pi/P>
* a R2/R i  3.1
and ^  = Aj /  Pt »i = 1. 2
24
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where P^, p  ^ and P are the wetted perimeters o f the bed and cover 
subsections and the to ta l channel resp ective ly , and A^, k^  and A 
are the corresponding flow areas.
2*2 Flow Pattern
The problem under investigation  can be phrased in the following  
manner: fo r a covered channel o f a known cross-section and boundary 
r °ughnesses, what is  the flow pattern a t a given flo w -ra te  or energy 
slope? The reason fo r  using the term "given flo w -ra te  or energy slope" 
arises from the fa c t th a t they are re la ted  by the flow equation.
2*2.1 General approach
The d if f ic u lty  o f solving the general equation o f motion, 
Reynolds1 equation, arises from the existence of a d if fe re n t ia l shear 
on the opposite faces of any flow element p a ra lle l to the d irection  
along which the equation is  in tegrated.
- I f  th is  d if fe re n tia l shear vanishes, the equation can be 
m tegrated; th is  is  the case o f two dimensional flow . This concept w ill  
be used to develop the ve loc ity  p ro file  in a prism atic channel in the 
absence o f any cross-currents.
In the channel shown in Figure 3 .2 , v e rtic a l and horizontal 
strips o f a uni-t  are drawn around an a rb itra ry  point P. A two-
dimensional solution w il l  be carried  out fo r  the v e rtic a l s t r ip ,  as i f  
1s a portion o f a wide channel, neglecting the horizontal d if fe re n tia l  
shear and u t il iz in g  the local depth Yp and local roughnesses n  ^ and ng 
to y ie ld  the v e rtic a l shape function o f the local re la t iv e  ve loc ity
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(U/V) A sim ilar solution w ill be carried out fo r the horizontal 
strip  using its  local width Z a n d  roughnesses n  ^ and n  ^ to y ie ld  
the transverse shape function of the local re la tiv e  velocity (U/V)z , 
where (U/V) is the ra tio  between the velocity a t point P and the mean 
velocity of each s tr ip .
I f  these two solutions are used as coeffic ients of each other, 
through a co effic ien t equation, the re la tiv e  velocity at the point P 
can be estimated. The successive application of the equation a t every 
Point within the cross-section w ill resu lt in the complete determination 
°T the velocity p ro file  and boundary shear d istribution  in the channel. 
The following form of the coeffic ien t equation was adopted in
this research
EE
U/V = E ( (U/V)y . (U/V)z ) /  (Vmax/V) 3.2
where, Vmax is the maximum velocity in the channel cross-section, E is  
the velocity coefficent, and EE is the velocity exponent. This form 
satisfies the necessary conditions dictated by the observed velocity  
profiles . The (Vm /V) is the ra tio  o f the maximum to the mean velocity
UlaX
°T the channel. This ra tio  is constant fo r a given flow condition and
qt  depends on the developed velocity p ro file . The velocity exponent,
EE» ^elates:to and affects the velocity gradient steepness while the 
cQeffeetent,  ^ relates to and affects the to ta l flow in the section.
The solution of Equation 3.2 necessitates the evaluation of 
E and EE. This can be achieved by satisfying the following
conditions;
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The flo w -ra te  should equal the in tegra tion  o f the ve lo c ity  p ro file  
with respect to the cross-sectional area, i . e .
Q = / U dA 3.3
A
2* The to ta l d riv ing  fo rce , the g rav ity  force here, should equal the 
to ta l boundary shear, i . e .
J x  dP = y. A . S 3 .4
P
where x is  the local boundary shear and P is  the wetted perim eter. 
3* The flow equation should be s a tis f ie d .
The sa tis fy in g  o f these conditions w il l  re s u lt in the necessary 
parameters needed to define the ve lo c ity  pattern in  the channel. 
3*2 .2  Two Dimensional Determination o f V e locity  P ro file
The general Reynolds’ form o f the Navier-Stokes equation in  two 
dimensional flow can be w ritten  fo r  the v e rtic a l s tr ip  as
U(3U/3x) + V(3U/3y) + 3U 'U 73x + 3V 'U 73y =
!=■ (P /p + gh) + £  + ^  ) 3 .5
3X p sxx
ln which U, V, are the average v e lo c itie s  in  the x and y d irec tio n s , U ',
V are the varia tio ns in  the IT and V  values, p and y are the f lu id  density  
and v is c o s ity , and "P = average pressure. For g ra v ity , as well as a steady 
and uniform flow with no cross-currents, Equation 3 .5 , fo llow ing Chang e t 
(8 ) ,  reduces to
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f y  ( -  pU 'V  ) = -p g S 3.6
where S is  the bed slope and g is  the acceleration  due to g ra v ity . The 
laminar shear is  denoted by the f i r s t  term in Equation 3 .6  while the 
second quantity  represents the tu rb u len t shear.
The in teg ra tio n  o f Equation 3 .6  fo r  each subsection on i ts  own, 
noting th a t the shear vanishes a t the separation l in e ,  y ie ld s  the shear 
d is tr ib u tio n , Figure 3 .3 , as
t  = P g S ( Y.. -  y .j) , i  -  1*2 3.7
in which, the turbulent shear ts  denoted by xtl- , the laminar shear is  xL - , 
^i = distance from the bed or ice cover to the d iv is ion  l in e ,  y -  is  the 
distance measured from the bed or the cover; and the subscript i =
1>2, re fers  to the bed and cover subsections resp ective ly .
The lam inar shear is  very small outside the lam inar sublayer, 
hence, only the tu rbu len t shear is  re ta ined . W ithin the tu rbu lent core,
i-he shear d is tr ib u tio n  can be represnted by the equation,
Tt i  = P 9 S ( Y . - - y .  ) , i  -  1,2 3.8
Using the Prandtl-Karman mixing length theory, the turbulent 
shear can be expressed as
Tt i  = p V 2 <2 ( dU.j/dy.) | (dll^./dy•) | >i = 1,2 3.9
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where k is  Von Karman's constant. Combining the previous equa 
noting that- y /Y . . *  the re la t iv e  depth, resu lts  in
dU1/ d e i  = C V ^ / k )  • ' I  -  1 Ei  ,1 = 1 , 2  3 - 1 0
where V*.. = shear ve lo c ity  = /g  Y^  SQ.
The in tegra tion  o f th is  equation y ie ld s
U ^ )  = (V ^ /ic ) F ' ( e i ) + C .
where F1 (e..) is  given as
, i  = 1,2 3.11
1 + / l  - ^ T  #i = 1 ,2  3.12
F* (e • ) = 2 / I  - T 7  -  Ln x _ / I  -  eT
The ve lo c ity  p ro f ile  should s a tis fy  two boundary conditions:
1. The computed mean v e lo c itie s  should equal the ex is tin g  one, i . e .
i = 1 2 3.13( l /A )  /  u -C y^ dy i -  v .
hence, the in teg ra tio n  constant is
i = 1 2 3.14Ci = + 2 V *.j/ 3 k  ’
o n, „ -  i the v e lo c ity  is  maximum, and3* At the point o f separation, e 1, tn
C. should be
, i  -  1 ,2  3.15C. = V i max
The ve lo c ity  p ro f ile  can then be defined by the fo llow ing two equati ons
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Vn- -  U .(e i ) = V*i F1(e i ) , i  = 1,2 3.16
and
^max *" ^ i^ Ei^ ~ ^ *i »i = 1*2 3.17
where ( e . )  and F2 ( e.j) are given graph ica lly  in  Figure 3 .4  and th e ir  
values are respective ly
Fl (e i> = I  ( L n (^ e . / ( 1  -v^TTT)) -  v T T T  -  1 /3 )  3 .18a
and 4 _ i o
i 1 + /1 -e .  ____
F2 (e -i) = ^  ( Ln --------     -  2 v'T-eT" ) 3.18b
1 1 -  /T IF T  1
and the maximum ve lo c ity  is  re la ted  to the mean v e lo c itie s  in the form
Vi = Vmax -  2 W  3 K ■ .1 -  1.2 3.19
To use the developed v e lo c ity  p r o f i le ,  the position o f the 
maximum v e lo c ity , i . e .  Y  ^ and Y2 , should be estim ated. These values 
^ePend upon the roughness o f each boundary and the depth, and can be 
obtained using the equations developed in  Appendix A.
S im ila r re la tio n s  can be developed fo r  the horizontal s tr ip  
with the substitu tion  o f
ei = z . /  Z. , i  = 1,2 3.20
where z . ancj are defined in Figure 3 .2 .
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3 .2 .3  General Solution
The ve lo c ity  p ro f ile  can be obtained by combining a l l  the 
Previously derived equations with the c o e ffic ie n t equation. The 
solution can only be performed num erically.
The suggested numerical solution is  explained in the flow­
chart, Figure 3 .5 . The program proceeds by creating and assigning 
dimensions to a traverse, Figure 3 .2 , inside the channel. The points 
°T the traverse were not taken at constant in te rv a ls  along the 
horizontal lines to elim inate the d if f ic u lty  o f in tegrating  the 
shear p ro f ile . The number o f points along each horizontal lin e  was 
assumed to be constant to allow fo r  the introduction o f the zero 
boundary ve loc ity  to the so lution.
The roughnesses a t the four sides were determined by extending
horizontal and v e rtic a l lines through each node to the surrounding
boundaries. The method introduced in Appendix A along with the two- 
dimensional ve loc ity  p ro file s  developed were then used to estimate the 
(U/V) values fo r  both the horizontal and v e rtic a l s trip s  a t each node.
The unknown value of e ith e r S or Q was estimated through the 
ow e<l uation u t il iz in g  a weighted average composite roughness. This 
assumed value was corrected as the solution progresses. The ve loc ity  
P ro fiie was developed and hence the sh ear.d is tribu tion  was determined, 
^be slope was estimated using Equation 3 .4 .
An ite ra tio n  process, contro lled  by the comparison between the
°mputed and assumed slopes, continued u n til the f in a l solution was 
ached. The program lis t in g  as well as i ts  typ ical results are
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Figure 3.5 : Flow Chart fo r Flow Patterns
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reproduced in Appendix C. A general cross-section to describe polygonal 
channels, Figure 3 .6 , was used to feed the data to the developed com­
puter program. This section covers the rectangular, trapezoidal, t r i ­
angular and compound channels.
To avoid the s ingu larity  o f using B = 0 in the triangu lar and 
compound triangu lar cases, the program modifies B to a value equals to 
0.05 o f the top width BT. This modification is  not expected to a ffe c t  
the solution by more than 5% which is well w ithin the practical l im its .
The presented solution is  va lid  fo r both open and covered 
channels. For the open channel case the roughness of the cover underside 
should be considered as zero and the wetted perimeter, hydraulic radius, 
ar,d separation lin e  should be modified accordingly.
Chapter V presents a detailed  study o f the behavior of the 
model, its  practical applications and typical resu lts . Also a comparison 
the theory with both the l ite ra tu re  and the experimental results is
Presented.
3 -Qgver Underside F ric tion  Factor
In th is  a r t ic le  an expression fo r the cover underside fr ic t io n  
factor with no suspended material in  the flow is developed. The flow  
6c)uation used in th is  analysis is in the form
v = Cjn v'g R S 3.21
whspp p *m ls a dimension!e s s  chezy's type fr ic t io n  fac tor.
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Figure 3 .6 : General Cross-section
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3 .3 .1  The F ric tio n  Factor Expression
The resistance caused by the cover is  a ttr ib u te d  to i ts  skin 
f r ic t io n  and the form resistance caused by i ts  underside configuration. 
Hence, the to ta l energy loss fo r  the cover subsection, E2(_* can be
_ I II
expressed as the sum o f two energy losses E2L and E2L caused by the  
skin and form resistances re sp ec tive ly , i . e .
E2L = E2L + E2L 3,22
D iffe re n tia tin g  th is  expression w ith respect to  the channel 
longitudinal a x is , the f r ic t io n  slope fo r  the cover subsection S2 f  
can be w ritte n  as
S2 f = S2 f + S2 f 3,23
where s2 .^ and S2^ are the energy slopes due to skin and form resistances  
respectively . This re la tio n  can be combined with the flow  equation fo r  
the cover subsection, same R and V, to  y ie ld
{1 / C2m) 2 = (1 /  c 'm ) 2 -H ( l / C ^ ) 2 3.24
where c2m, c2m and C2m are the f r ic t io n  factors fo r  the cover underside, 
the skin f r ic t io n  and configuration resp ective ly . Rearranging the 
d iffe re n t terms in  th is  re la tio n  y ie ld s
C2m -  C2m ( 1 -  ( C2m/ C; m ) 2 ) - *  3.25
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which can be expanded to
C2m ■ C2m « 1 + ^ cZm/Cz j 2 + ....................... >
or in short
C2m = C2m " 6C2m 3 *26
where $C2m is  a correction function th a t describes the contribution of 
the form resistance to the to ta l cover f r ic t io n  fa c to r .
The skin f r ic t io n  term is  re a d ily  ava ilab le  in  the l ite ra tu r e  
(8 ) ,  ( g ) s (3 1 ). In th is  research i t  w il l  be adopted in  the form given 
hy Senturek (31) as
C2m = 6.25 + 5.75 Log R/k 3.27
where R is  the hydraulic radius and k is  the roughness height o f the 
c°ver underside surface.
On the other hand, the form resistance function was shown,(4 4 ),  
to depend on the underside configuration wave height A and length L as 
WeH  as the flow depth Y. These variables are i l lu s tra te d  in Fig 3.7  
or both actual and simulated cover undersides. By dimensional analysis  
th is  function can be expressed as
5C2m ’  a ( - T  - f  >b ' 3 - 28
a and b are constants to be determined experim entally .
The general expression fo r  the cover underside f r ic t io n  fa c to r
an then be w ritten  as
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C2m = 6.25 + 5.75 Log R/k - a ( -~  -y- )~ 3.29
The details of the experimental procedure used to obtain the 
a and b values and to verify the adopted skin fric tio n  expression are 
given in Chapter V.
 ^  ^ ^Pderside Configuration of Loose Cover
This problem can be phrased as follows: in a certain covered 
channel of known bed material and flow conditions, what is the relation  
between the bed-form and the configuration of a loose cover underside?
A general solution for a steady two dimensional flow w ill be 
Presented for the case of no phase change between the cover and the 
f1ow seepage through the cover or the bed. The different variables 
involved in the problem are defined in Figure 3.8.
3*4.1 Derivation of General Equations
At any general section along the channel the rate of flow, q, 
ls defined by the continuity equation as
q = V Y
where V and Y are the flow velocity and depth respectively. Differen­
c ing  with respect to x yields
dq/dx = V dY/dx + Y dV/dx 3.30
The conservation of energy principle can also be written for
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the same section, as
E = nb + V2/2g + Y + Sg n,_ 3.31
where e is  the to ta l energy a t th is  section, nb is  the height of the
bottom surface from a lower horizontal datum, nsis the cover thickness
and V is the average ve loc ity  in the cross-section, Figure 3.8 .
Differentiating with respect to x the slope of the total energy line
£
f can be expressed as
S = dE _ , dV . d V2 , dY . dns \ ,
f  " dx " dx dx 2g dx Sg dx * 3,32
1n which the rate o f change o f the ve loc ity  head equals
l _ y i _ V  dq j- 2 dY -  „
dx 2g gY dx “ n dx
and Fn = v/v/gY is the local Froude number.
Both f ie ld  and experimental observations suggested the equality  
c°ver top surface slope and the general average slope o f the 
channel bed. The height o f the cover top surface above the datum, H, 
can be w ritten  as
H = nb + Y + ns 3.34
^  _
erentiating  with respect to x the slope o f the cover top surface 
So wiH  be
S = - d H _  dnb dY dns v -
0 dx " “ ( dx dx dx ' 3,35
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
45
Equations 3.30 through 3.35 can be combined to y ie ld  the general 
underside configuration re la tio n  in the form
-  I S t  (1 F 2)S . I 4 . - f 2 ^ ] / (  f 2- s  ) dx “  ^ f   ^ n ' o gY dx n dx n g l'
where F = local Froude number = V/v^ gfT n
Equations 3.36 and 3.37 are the general equations th a t re la te  the 
underside configuration to the bed-formand the d if fe re n t flow  
conditions. The solution o f these equations requires the determination  
of the local f r ic t io n  slope S^; th is  w il l  be done next.
3 .4 .2  The Energy Slope
The energy slope is  the ra te  o f va ria tio n  o f the to ta l energy 
with respect to the channel longitudinal ax is . I f  the channel boundaries 
are uniform over i ts  length , the energy slope w il l  be constant. This is  
Qenerally the case o f a uniform flow  with a so lid  boundary.
However, the existence o f the bed-forms and the cover underside 
configuration cause a re d is tr ib u tio n  o f the energy losses resu lting  
ln local varia tions o f the energy slope around i ts  average value as 
shown in Figure 3 .9 .
where Sg is  the sp ec ific  g rav ity  o f the cover m ateria l. The flow depth 
can also be expressed in the form
gl dx gY dx ' v g l n
_ _v_ da. ) / ( s  _ p 2
A v nV A v I I  v °n 1  n 3.37
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The to ta l energy loss is  the sum of the losses o f each
subsection; hence the fr ic t io n  slope a t a certa in  section of the
channel w ill  be the sum of the two subsection's f r ic t io n  slopes,
i .e .
3.38
The fr ic t io n  slope is  also re lated  to the boundary shear
through the known re la tio n  (9)
Sf . = t /  yYi ,1 = 1,2 3.39
At th is  point estimation o f the boundary shear becomes necessary to 
evaluate the fr ic t io n  slope.
3 .4 .3  Determination o f the Boundary F ric tion
This boundary fr ic t io n  w ill  be estimated using the momentum 
Princip le in each subsection.
3 .4 .3 .1  The Cover Subsection
Figure 3.10 shows the d iffe re n t forces acting on an element of
the cover subsection. The application o f the momentum p rinc ip le  in the
horizontal d irection  to th is  element w ill  re su lt in
P2x ~ P2(x+dx) " T2xdx = pq2 V^2(x+dx) " W  3,40
The to ta l pressure is assumed to be proportional to the s ta tic  
Pressure. This to ta l pressure per un it width w il l  be
P2x -  Cp *  Y2 ( Sg "s + *  Y2 >
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The con tinu ity  re la tio n  is  
q2 = Y2 V2
Therefore,.the horizontal force applying on the cover can. be estimated as
dru dq« dY« -
t2x = -  (y Cp Sg Y2 a x '  + g V2 d5T + Y * T
( Cp Sg ns + Cp Y2 -  V22/g )  ) 3.41
S im ilarly  the application o f the momentum equation in the v e rtic a l 
direction  w il l  re s u lt in
T2y = Y Sg "s 3>42
where is  the v e rtic a l component o f the cover fo rce. From the 
force diagram, Figure 3 .10 , the to ta l cover shear can be expressed as
r 2 = t 2 x  Cos es -  -r2y Sin es 3.43
where eg is  the slope o f the cover underside. For p ractica l purposes 
The follow ing assumptions can be made
Cos e„ = 1 and Sin fl = dn /  dxs s s
which can be combined with Equation 3 .39 , noting th a t from the 
discussion in Appendix A,
Y2 = Y X/  (1 + x  )
To y ie ld  the follow ing expression fo r  the cover subsection f r ic t io n  slope:
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c -  c , r  + ns 1+x > dr,s . V2 1+x dq2
af2  g p Y X ' dx gY X d3T
+ $ L  ( Cp Sg ns/Y  + CpX /(l+ X ) -  V22/gY) 3.44
3 .4 .3 .2  The Bed Subsection
Figure 3.10 shows the d iffe re n t forces acting on a bed 
subsection element. Applying the momentum equation in the v e rtic a l 
d irection  gives
t = y ( S n + Y )  3.45ly  v g s '
where is  the v e rtic a l component o f the bed reaction , while its
application in the horizontal d irec tion  y ie ld s
Tlx  = ” dP] / dx “ P qi  dvi / dx 3,46
where the pressure can be expressed in the form
P1X = CP Y Y1 < V s + Y2 + J $ Y 1 > 
and the continu ity  equation as
q i  ■ v i  Yi
The balance o f the forces on the bed surface gives the f r ic t io n  
shear value as
T1 = Tlx  Cos 0b " Tly  Sin 9b 3 *47
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Combined with the previous re la tio n s , and noting th a t fo r  
practica l purposes
Cos 9b = 1 and Sin 0b = dnb/  dx
and from Appendix A
Y1 = Y /  ( 1 + *  )
th is  equation gives the f r ic t io n  slope fo r the bed subsection Sf l  as
-  Sf l  = Cp Sg dns/dx + (1+X) (1 + Sg ns/Y ) dnb/dx
3 - 4 8
The to ta l f r ic t io n  slope, Sf , can be w ritten  from the previous 
equations as
-  Sf  -  ( dns/dx ) ( 2 Cp Sg + Sg J £ -  ^  )
+ ( dnb/dx ) (1 + X) (1 + Sg ns /  Y )
2 v 2 V 2
+ ( dY /dx ) ( 2CpSgns/Y  + Cp -  ^  + - §  )+
r  2 x i i n m  v ( V l dqi h Vg dq2 iCp l+X  ^  ^ gY  ^ V dx XV dx ' 3.49
The determination o f the f r ic t io n  slope requires the estimation  
of the values o f X as well as Vj and V2 - These values can be obtained 
using the equations developed in Appendix A.
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3 .4 .4  The General Solution
The general equation 3.36 can be solved a t each section using 
Equation 3.49 to p red ict the underside configuration o f the cover fo r  
a given bed configuration.
The exact solution o f these equations is  mathematically 
d if f ic u l t  due to the im p lic ity . o f the factors involved in them, 
and a numerical solution becomes necessary. D eta ils  o f the proposed 
techniques fo r  solving the equations as well as a comparison between 
the theory and the experimental resu lts  are presented in Chapter V.
^•5 The Growth o f the Cover and i ts  Mechanism
In th is  section the s ta b i l i ty  o f a block arrested at the leading 
edge o f the cover is  presented.
The behavior o f the loose cover as well as observations o f actual 
ice covers suggested the use o f blocks with d iffe re n t shaped edges, other 
than the popular rectangular shape. This change proves to be a very 
important fa c to r in the s ta b i l i ty  process.
Throughout the in s ta b il i ty  process only the block was assumed 
to move while the cover was considered s ta tio n ary . The problem was solved 
only  in two-dimensions. The reference axes X and Y were taken as the 
s ta tic  water surface and the contact face (Figure 3 .3 1 ), with the 
Positive X and Y axes pointing upstream and downward respective ly .
The d iffe re n t variables used in th is  analysis were defined, 
as shown in Figure 3 .11 , as
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L = block core length
*“e = edge length
t  = block thickness
t Q = cover thickness
Sg = sp e c ific  g rav ity  o f cover and block
H, V = depth and ve lo c ity  upstream o f blocks
HtI„,V = depth and ve lo c ity  underneath the coveruc* uc
H,, V„ _ depth and ve lo c ity  under the block
U  9 U  ~
In the follow ing analysis the modes o f in s ta b il i ty  are discussed 
f i r s t ;  then the d if fe re n t forces acting on the block are defined,
f in a lly  the equilibrium  c r i te r ia  and the numerical solution are
Presented.
3 .5 .1  Modes o f In s ta b il i ty
The block is  free  to pursue any o f three types o f motion, 
namely h o rizo n ta l, v e rtic a l or ro ta tio n a l. Figure 3.12 i l lu s tra te s  
9raphically  these possible motions and explains the sign convention 
adopted to describe them.
A horizontal motion downstream of the cover w il l  be prevented 
by the cover while an upstream one w il l  move the block away from the 
cover resu ltin g  in a no-contact s itu a tio n . Hence no horizontal motion 
Was to le ra ted  in th is  mathematical model.
A v e rtic a l motion w il l  e ith e r  sink the block or l i f t  i t .  This 
vortica l displacement is  to le ra te d  as long as i t  keeps the block in  
c°ntact with the cover.
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The ro tatio na l movement is  a ro ta tio n  about the point o f contact 
of the block and the cover. A pos itive  ro ta tio n  w il l  d rive the block 
underneath the cover while a negative ro ta tio n  w il l  force i t  to override  
the cover as shown in Figure 3 .12.
The actual block movement was considered to be a combination of 
The v e rtic a l displacement A , and the ro tatio n  a . Depending upon these 
values, d iffe re n t modes o f in s ta b il i ty  can e x is t. The term "mode o f in ­
s ta b il i ty  re fers  to the path followed by the block from its  o rig in a l po­
s itio n  u n til i t  a tta in s  i ts  in s ta b il i ty .
The d iffe re n t possible modes o f in s ta b il i ty  are shown in  Figure 
3*13, A b r ie f  description o f these modes fo llow s.
Absolute S ta b i l i t y : th is  is  the o rig in a l stable position when a  = 0
and a = 0.
2* Pure Sinking Mode: i f  no ro ta tio n  is  encountered and only positive
displacement exists the block w il l  sink p a ra lle l 
to the cover face, and then i t  w il l  be pushed 
underneath the cover.
3* Pure L ift in g  Mode: s im ila r to pure sinking mode but with negative
displacement. This mode can be in terrupted  by 
the shear fa i lu r e  o f the cover edge in the way 
shown in Figure 3 .14.
Pure Underturning: in th is  mode only ro ta tio n  can occur with no
displacement and the block w il l  ro ta te  about 
i ts  lower corner.
Pure Upturn Rotation Mode: s im ila r to pure underturning mode
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but with ro tation  about the upper corner.
Sink Turn Mode: th is  is  the most frequently encountered mode. In
th is  mode a positive displacement is  acompanied 
by an underturning ro ta tio n .
7* S_ink Upturn Mode: s im ila r to the previous one but with negative
ro ta ti on.
L i f t  Downturn Mode; the block w ill  be turning down but with some
l i f t .  This usually occurs a t the beginning of 
the in s ta b il i ty  process.
L i f t  Upturn Mode; in th is  mode the block w il l  be l if te d -w ith
upturning; hence i t  w il l  be thrown over the 
cover. The cover edge might experience a 
crushing fa ilu re  in the middle o f th is  mode 
and a pushing mode might develop.
3 .5 .2  General Position o f the Block
As the block points experience the displacement a and ro tation  
a » a point o r ig in a lly  a t a position XQ and YQ w il l  move to a new 
Position X and Y. This new position depends on the a and a values as 
WeH as the position o f the center o f ro ta tio n .
The position of the center o f ro tation  depends on the mode of 
"•^stab ility . The possible locations o f th is  centre are shown in Figure 
3*15. Once the position o f the point o f ro ta tion  is  known, the ordinates 
Q,f: any point on the block can be estimated in the rotated position  
(Figure 3.16) using the following equations:
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Y = XQ Sin a + Yq Cosa + Y  ^ (1 -  Cosa) + A Cos a
3 .5 .3  Forces Acting on the Block
The d iffe re n t forces acting on the block are shown in  Figure
^•17. These forces are:
The block core weight, W. acting v e r t ic a lly .
2. The block edge weight, We .
3. The additional weight due to submergence Wa which only appears i fa
the block sinks under the s ta t ic  water surface while being stab le .
4. The surface tension force due to the f lu id  between the contact faces
of the block and the cover.
5* The edge force F_ which is  the force acting on the leading edge due 
to the flow . Its  two components are h o rizo n ta lly  F and v e r t ic a llyA c
6* The force on the block underside, F . I ts  two components are
h o rizo n ta lly  F and v e r t ic a lly  F .
X U  jr U
7. The reaction force a t the contact point R and R .
V
The d e ta ils  o f the mathematical determination of these d iffe re n t  
forces are given in Appendix B.
3 .5 .4  Stabi 1 it.y C r ite r ia
The free  block w il l  be stable i f  the re su ltan t o f a l l  the forces
and moments acting on i t  vanishes. The resu ltan t o f a l l  the applied
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forces on the block has to be counteracted by the cover reactions. I f  
the d irection  o f th is  resu ltan t is  such th a t the cover can o ffe r  no
in d e f in ite ly , and i t  becomes unstable.
For the block to be s ta b le , the horizontal component o f the 
reaction R^  has to be p o s itiv e , because the cover can not pull the block. 
The contact surface between the block and the cover was assumed to o ffe r  
a very small fr ic t io n a l resistance to any re la t iv e  motion; hence, no 
tangential reaction is  assumed to e x is t on a stable block, Figure 3.18.
The forementioned conditions o f s ta b i l i ty  can be expressed 
Mathematically as
exact position o f the stable block and the d iffe re n t forces acting on 
i t .
resistance, the block w il l  be fre e  to move in  th a t d irec tion
The sum o f moments @ point o f ro ta tio n  = 0
The reaction R = 0 i f
V
and
Otherwise The Reaction R  ^ = 0 3.51
where R = r Cos a - Rv/ Sin a
L  X  jr
and
R.j. is  the tangential reac tion , Figure 3 .18.
These equations can be solved fo r  the unknowns a and a to y ie ld  the
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3 .5 .5  Numerical Solution
The purpose o f the mathematical model is  to  te s t the s t a b i l i t y  
of the block under given flow conditions and /  or to determine the 
c r it ic a l  s ta b i l i ty  conditions fo r  th is  block. The model also can be 
used to determine the mode o f s t a b i l i ty ,  the f in a l stable position  
of the block and the d iffe re n t forces acting on both the block and 
the cover a t th is  position o f s ta b i l i ty .
The d ire c t solution of the s ta b i l i ty  c r i te r ia  equations w il l  
y ie ld  the corresponding A and a fo r  a given block and cover under the 
defined flow conditions. There are three p o s s ib ilit ie s  fo r  the solution  
of the a and a values:
1* No solution is  found, hence no force balance can e x is t in the
tested p o s itio n . In th is  case the block w il l  be unstable.
2* Both A and a have d e fin ite  values th a t s a tis fy  the s ta b i l i ty
c r i te r ia  requirements but are outside the s ta b i l i ty  range. In th is
case also the block w il l  be considered unstable.
3* The values o f A and a are d e fin ite  and w ith in  the s ta b i l i ty  range.
Hence the block is  stable and the cover w il l  extend.
The stable range is  the range a t which the A and a are
Physically possible. This range, Figure 3 .18 , can be expressed
Mathematically as:
The v e rtic a l displacement*A , is  lim ite d  to
A < s t c + Sgl t  ,A is  positive
-A-> $ t  ♦ + S , t  ,A  is  negativeg. gl c
otherwise the whole block w il l  have no point o f contact and the
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cover can not prevent i t  from moving.
2* For the ro ta tion :
a corresponding to submerged upper edge i f  a 
is  pos itive .
a corresponding to exposed lower edge i f  a is  
, negati ve.
In the solution e ith e r the flow rate  or the flow depth was 
kept constant while the other increased stead ily  u n til the point o f 
in s ta b ility  was reached. The empirical method presented in Chapter 
VI can be used as an estimate o f the c r it ic a l  condition.
The solution o f the problem is generally numerical due to the 
complexity o f the expressions fo r  d iffe re n t forces and the nonlinearity  
of the equations in both a and a . The necessary program fo r the 
suggested numerical solution is  presented in Appendix C while the 
behavior o f the model and its  typ ical results are discussed in 
Chapter V.
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IV EXPERIMENTAL INVESTIGATION
1 Introduction
In th is  chapter the following subjects w ill  be described:
The tes t equipment and the laboratory fa c i l i t ie s ,
2* The measurement equipment including point gauges, P itot-tubes, 
miniature current meter, and the shear apparatus,
3* The experimental program and procedure including spatia l.
arrangements fo r each experiment,
4* The experimental resu lts , and 
The experimental errors.
^•2 The Test Equipment
4 .2 .1  Laboratory F a c ilit ie s
Three d iffe re n t flumes were used, an 18" wide flume in which 
m°st of the experimental work was carried out, and a 6,r wide and a 56" 
wide flumes in which the loose cover experiments were carried out.
4 .2 .1 .1  The 18 Inch Flume
As shown in Figure 4 .1 , the te s t flume is 24' (7.315 m) long 
with a rectangular cross-section of 1 .5 ' (.457 m) width and 2 '( .6 1  m) 
depth. The bottom and rig h t side o f the flume were made o f plywood 
the le f t  side was made o f c lear plexiglass.
A gauze screen was provided at the upstream end to ensure 
soitable flow in le t  conditions from the head tank. The head tank was 
4*25' (1.419 m) by 3.66' (1.18 m) in cross-section and 4' (1.219 m) in
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height. An adjustable gate to control the depth was fixed at the 
downstream end. The flume was served by a centrifugal pump capable 
of delivering up to 3500 USGPM (.2267 m3/sec) in discharge with a 
22.0'(6.71 m) head. A magnetic flow meter calibrated to 10 USGPM 
(6.5 x 10~3 m3/sec) was used for discharge measurements.
4.2.1.2 The 6 Inch Flume
As shown in Figure 4.2 the portable self-circulating test 
flume is 10’ (3.05 m) long with a 6"x 12"(15 x 30 cm) rectangular cross 
section and was made of plexiglass. The flow was supplied to the head 
tank through a centrifugal pump of 500 USGPM capacity and pump heads 
° f  up to 15'(4.5 m). A movable downstream vertical gate was used to 
control the flow depth, while a calibrated lever was used to change 
the bed slope by rotating the flume around its  central hinge. A Venturi - 
Meter, installed on the delivery pipe of the pump was used to measure 
the flow discharge.
4.2.1.3 The 56 Inch Flume
A 56"(1.42 m) wide by 15'(4.6 m) long and 3'(.91 m) deep flume 
was used to study the loose cover behavior in wide channels. The flume, 
as shown in Figure 4.3 has a 1200 USGPM capacity pump that supplies up 
to 25'(*7.5 m) head of water to the head tank and flows through a dis­
tributor to the main flume, which in turn recirculates i t .  An orifice  
Meter on the delivery pipe was installed to measure the discharge using 
a calibrated manometer. Various kinds of end wiers were used to control 
the flow depth. The sides of the flume were-made of plexiglass while its  
floor was made of aluminum.
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4*3 The Measuring Equipment
4 .3 .1  Point Gauges
Point gauges with e le c tr ic  bulb indicators were used to measure 
the water depths. The gauges were ca lib rated  to read d ire c tly  to 0.01" 
(0.025 cm).
4 .3 .2  Pitot-Tube
A Pitot-Tube was used fo r the ve loc ity  measurements with a 
vertica l manometer reading d ire c tly  to 0.01"(0.025 cm).
4 .3 .3  M iniature Current Meter
A miniature current meter was used fo r the ve loc ity  measurements 
as shown in Figure 4.4
4 .3 .4  Loose Cover Underside Configuration
The loose cover underside configuration was measured using the 
special hook gauge shown in Figure 4 .5 .
4 .3 .5  The Shear Apparatus
A simple pendulum apparatus Figure 4.6 was designed to 
measure the horizontal force acting on the block. The pendulum 
in s is te d  of a 1.7 lb (.75  kg) bar hinged to a bridge by means of 
two strings which acted as an ind icator to the attached balance scale.
^he block end was provided with two v e rtic a l na ils  to transmit the 
shear acting on the block underside to the pendulum and hence the to ta l 
horizontal force can be read on the scale.
Experimental Program
The experimental program was carried out with the objective o f
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Figure 4 .4 : M iniature Current Meter
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Figure 4 .5 : Special Hook Gauge
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investigating those problems defined in Chapter I  and to v e r ify  the 
mathematical models developed in Chapter I I I .  In the follow ing sections 
a b r ie f  summary is  made o f the arrangements and procedures used in each 
group o f experiments.
4 .4 .1  Study o f the V elocity  P ro file
In th is  part o f the investigation  the ve lo c ity  p ro file s  were 
measured through the covered cross-section in  the 18"wide flume. These 
measurements were taken beyond an in i t i a l  length o f 40 times the cover 
thickness to ensure the establishment o f uniform flow away from the 
leading edge e ffe c t.
Two types o f covers were used to study the e f fc t  o f the 
boundary roughness on the v e lo c ity . F irs t  a f l a t  wooden cover was 
Used. Then the same cover was roughened by n a ilin g  a metal screen 
to i ts  underside. This increased the Manning's roughness from 
0.011 to 0.032. The underside roughness o f each cover was determined 
by lin in g  the channel bottom and sides with the cover m aterial in  
the way shown in Figure 4 .7 . The value was then determined as i f  
to r an open channel.
4 .4 .2  Study o f the Cover Underside Roughness
The cover underside roughness was studied, in the 18" wide 
tlume, using roughness elements to simulate i ts  configuration. These 
dements, Figure 4 .4 , have a rectangular section o f l"w idth (2 .54 cm) 
and d iffe re n t heights o f 0 .0 , 0.75',' 1.5"and 2.25"respectively  and were 
spaced at 6" 12"and 18". Both the cover and the roughness elements 
Were made o f neatly fin ished wood.
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A ll the possible combinations o f the roughness elements heights 
and spacings were tested under d iffe re n t flow conditions. In each 
nun the ve loc ity  d is trib u tio n  and the fr ic t io n  slope were measured.
The underside roughness c o e ffic ie n t was then estimated as explained 
in Chapter V.
4 .4 .3  Study o f the Cover Underside Configuration
In these experiments the cover was simulated by means of 
white polyethelene p e lle ts  with a sp ec ific  g rav ity  o f 0 .92. They 
have a d is c -lik e  shape 4mm in diameter, 2mm in core height, and 1mm 
in side height as shown in .Figure 4 .8 . These p artic les  were then 
Placed on the flow surface and allowed to take any shape dictated  
hy the flow . The underside configuration was measured by means of 
the hook gauge described e a r l ie r .
Three d iffe re n t types o f bed-forms were used to study the 
effe c t o f the bottom configuration on the underside shape.
A f l a t  bed, formed o f the natural flume bottom, was tested in a ll  
three flumes.
2* Dune bed-form, consisting o f ten adjacent iden tica l concrete 
blocks, was tested in the 18"flume. A typ ical block is  shown 
in Figure 4 .9 .
3* Triangular bed-form, made o f th in  smooth sheet metal on a wooden
frame, was tested in the 6"wide flume only. Typical dimensions of
these forms are given in Figure 5.23.
Two traps were used to avoid losing the p e lle ts  in to  the pumping system.
The two types of traps used were:
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A downstream horizontal end trap with a wooden frame covered 
with an 0 .0 8 "(2mm) opening square mesh.
2* A main control trap consisted o f a v e rtic a l square frame o f side 
dimenions equal to the width o f the flume, and attached to another 
frame o f the same size s lig h tly  inc lined to the horizontal .. Figure 
4.8 shows the d e ta ils  o f the traps used in the 18"flume.
4 .4 .4  Study o f Block In s ta b il i ty
In these experiments the in s ta b il i ty  c r ite r ia  o f the block and 
the forces acting on i t  were studied. Wooden blocks o f 17"(0.43 m)
width and lengths o f 1.5" 2.0" 6.0" 15.0"and 17.0"were tested. Four
wooden interchangeable edges (see Figure 4 .1 0 )1 :1  and 2:1 sloped as 
well as c irc u la r and rectangular, were used.
In each run the flow was increased slowly and the horizontal 
forces acting on the block were recorded at each step. The block was 
Watched u n til the in s ta b il i ty  condition was reached, i . e ,  the point 
af te r  which the block moves without any p o s s ib ility  o f being stable  
a9ain. The c r i t ic a l  discharge and flow depth corresponding to th is  point 
Were then recorded.
To ensure measurable pressures a la rg er block measuring 17 'wide,
36 long, and 2.25"th ick  was tested , using s im ila r types of edges. Twenty 
holes were d r ille d  along, the block's ce n te rlin e , a t 2" in te rv a ls , and the 
water level inside each hole was measured to obtain a representative  
pressure d is tr ib u tio n .
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4.5 Experimental Results
A summary of the results obtained in the experimental 
investigation is given in Appendix E.
4.6 Experimental Errors
The sources of the experimental errors along with their 
expected values are summarized in Appendix D.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER V
DISCUSSION OF THEORETICAL AND EXPERIMENTAL RESULTS
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
V. DISCUSSION OF THEORETICAL AND EXPERIMENTAL RESULTS
83
In th is  chapter the u t il iz a t io n  of the mathematical model 
developed in Chapter I I I  is  discussed. F irs t the behavior o f the model 
under d iffe re n t conditions is analyzed, then the a p p lic a b ility  and 
lim ita tions of i ts  d iffe re n t aspects are investigated. F in a lly  a 
comparison between the results obtained through the application o f the 
theory and those obtained experimentally is  presented.
^•1 Flow Patterns
In th is  a r t ic le  the ve loc ity  p ro file  solution w il l  be discussed 
the two -dimensional case followed by the three-dimensional sections.
5 .1 .1  Two-Dimensional Solutions
As was mentioned in Chaper I I I ,  a wide covered channel can be 
divided in to  two subsections to which the ve loc ity  p ro file  re la tio n s , 
Equations 3.16 and 3 .17, are applicable. I t  was fu rth er shown th a t the 
maximum ve loc ity  occurs a t the separation l in e , and i ts  position can be 
^ound using the re la tions developed in Appendix A.
The difference between the two subsection mean ve lo c ities  was
9iven as
V1 “  V2 = 3k   ^ V*1 "  V*2  ^ 5 ’ l
and hence the rougher the boundary the smaller its  subsection ve loc ity .
*n fac t the same applies to the mean and maximum ve loc ities  o f the whole 
section. The ra tio  o f these two ve lo c ities  can be evaluated as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and the rougher the boundaries, the higher th is  ra t io  w il l  be. The 
numerical examples presented in Figures 5.1 and 5 .2  fu rth e r c la r i fy  
these fa c ts .
To te s t the a p p lic a b ility  o f the developed ve loc ity  p ro f ile ,  
the ve lo c ities  were measured a t the center o f the wide flume described 
in Chapter IV . The bottom Manning's roughness n  ^ was .011 while the 
cover underside roughness n2 was measured on a lined  channel a t .032. The 
Measured flow rates were used to develop the th eo re tica l ve loc ity  p ro file s  
and the resu lts  were compared to the measured v e lo c itie s  as shown in  
figure 5 .3 .
Good agreement between the th eo re tica l and measured ve lo c ity  
p ro files  was obtained. The measured v e lo c itie s  were s lig h t ly  greater 
than the predicted ones near the cover boundary, but th is  can be 
attribu ted  to the release o f the cover resistance due to the gap through 
which the P ito t-tu be  was introduced.
A comparison between the th e o re tic a lly  predicted ve lo c ity  p ro file  
and those of Larsen, Krishnamurthy and Shen is  presented in Figure 5 .4 . 
Since none o f these ve lo c ity  p ro file s  suggested a method o f defining the 
Position o f the maximum v e lo c ity , Equation A .12 was used to fin d  th is
Position.
Most of the ve lo c ity  p ro file s  in the l ite ra tu re  do not agree on 
the value o f the computed ve lo c ity  a t and near the point o f separation, 
where they have a discontinuous p ro f ile .  To have a continuous p r o f i le ,  a
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maximum ve loc ity  has to occur at the separation point when computed 
from both sides. This does not appear to be the case when applying the 
d irect logarithm ic ve loc ity  p ro files  commonly used in the l ite ra tu re .
5 .1 .2  General Flow Patterns
In Chapter I I I ,  the ve loc ity  p ro file  fo r  narrow channels was 
developed. The suggested method applies to free  as well as covered 
channels o f d iffe re n t boundary roughnesses.
The behavior o f the mathematical model can best be illu s tra te d  
through numerical examples. In the following a rtic le s  d iffe re n t channels 
° f  polygonal type cross-section were tested. The numerical technique 
developed in Chapter I I I  was u tiliz e d  to obtain the results o f these 
models.
In a l l  examples, the channel dimensions, the roughnesses o f 
d iffe re n t boundaries, and the flow ra te  were assumed to be known. Using 
the computer program lis te d  in Appendix C, the ve lo c ities  were determined 
at  the nodal points o f the traverse, then, the isove ls , lines o f constant 
ve loc ity , were p lo tted . The maximum veloc ity  points, along a series o f 
vertica l s trip s  taken across the channel section, were connected by a 
smooth curve to obtain the separation lin e .
The extrapolation o f the shear a t the in ternal points was used 
to determine the shear a t the boundaries. This shear was then used to 
estimate the fr ic t io n  slope in the manner given in Chaper I I I .  The 
c°mposite roughness was calculated using the flow equation and the computed 
fr ic t io n  slope.
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5 .1 .2 .1  E ffec t o f Channel Roughness
Figures 5.5 to 5.7 represent the flow and shear d is tribu tions  
in a 1' x 1' square covered channel with equal boundary roughnesses of 
0*01, 0.02 and 0.03 respectively . The flow rate was maintained at 1.0 
cfs.
I t  can be noticed that the smoother the boundary, the f la t t e r  
the ve loc ity  p ro file  and the sm aller the (Vmax/V ) ra tio  become. Also the 
rougher the boundary, the steeper the energy slope required to pass the 
same amount of flow . The separation lin e  was d i f f ic u l t  to distinguish  
fo r smoother boundaries while i t  becomes more v is ib le  as the boundary 
gets rougher. The estimated energy slope and composite roughness agrees 
with th e ir  expected values.
In the example o f Figure 5 .8  the ve loc ity  and shear p ro files  
were computed fo r the same channel using the same bottom and side 
roughnesses while the cover roughness was increased to ng = .0 3 . The 
Position o f the maximum ve loc ity  was noticed to s h if t  from the center 
° f  the channel Figure 5 .7 , to the lower portion, th a t is ,  away from 
the rougher boundary. But because o f the equal side roughnesses, the 
Maximum ve loc ity  stayed a t the cen terline  o f the section.
The shear was noticed to be greater a t the rougher boundary 
which makes the rougher boundary responsible fo r larger share o f energy 
dissipation . The side shear was also found to be greater at the lower 
Part of the channel. The separation lin e  in  th is  case is  d is tin c t and 
assumes a trapezoidal shape in general.
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The numerical examples presented in Figures 5.8 to 5.10 show 
the e ffe c t o f the side roughness. I t  was again noticed that the rougher 
side w il l  carry a larger amount o f shear. The maximum ve loc ity  was found 
to move away from the rougher side, Figure 5.10.
5 .1 .2 .2  E ffect o f Channel Size
To study the e ffe c t o f the channel size on the flow pattern , 
three models o f aspect ra tios  o f 1,2 and 10 were tested. D iffe ren t 
toughnesses were assigned to each boundary as shown in Figures 5.10 to 
5 *12. The aspect ra tio  is  defined as the channel width to depth ra t io .
I t  can be seen that as the aspect ra tio  increases, the zone, 
ln which the channel acts as i f  i t  is  wide, increases. This increase 
agrees with the previous lite ra tu re  reports. The maximum ve loc ity  moves
towards the smoother side resu lting  in lower shear. Both the maximum
velocity and the average shear decrease at higher aspect ra t io . The 
effec t o f the varia tion  in the side roughness decreases with the increase 
ln the aspect ra t io . This widens the separation lin e  shape as shown in  
Figures 5.12.
5 .1 .2 .3  E ffect o f Channel Geometry
To i l lu s tra te  the e ffe c t o f the channel cross-section shape on 
the ve loc ity  and shear d is trib u tio n s , d iffe re n t models including  
trian g u lar, trapezoidal and compound channels, Figures 5.13 to 5 .16,
Were tested.
I t  is  c lear that the closer the channel section is  to that of a 
gently rounded shape, the more uniform the ve loc ity  and shear d istributions  
are- This is especially apparent when comparing the combined trian g u lar
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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and the trapezoidal shapes.
The shear on the v e rtica l sides o f the compound cross-sections 
was very small and the major portion of the shear was taken by the 
sloping sides in these cases. The drop in the middle part of the velocity  
and shear d is tribu tions at the cover underside fo r trian g u lar and compound 
triangu lar sections was due to the shape e ffe c t. The sudden sharp increase 
m the shear, near the bottom in these two cross-sections was most l ik e ly  
due to the very high ve loc ity  gradient encountered a t the bottom, since 
th eo re tic a lly  the bottom width diminishes a t these locations.
The separation lin e  was generally found to follow  the channel
cross-section except fo r the compound trapezoidal section where i t  was 
more parabolic in shape.
5 .1 .3  Comparison with Measured Results
The ve loc ity  p ro files  and composite roughnesses fo r d iffe re n t  
cross-sections were tested against those reported by Wong (43 ), Figures 
^•17 to 5.20. No shear d istributions'w ere reported in his study; hence,
they w ill not be discussed here.
I t  can be seen, from these comparisons, th at the prediction is  
in good agreement with the measurements. The agreement also was good 
tor the computed and measured composite roughnesses as well as the 
tr ic tio n  slopes.
^•2 F ric tion  Factor For The Cover Underside
5 .2 .1  Determination o f Constants:
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In Chapter I I I  the general expression fo r  the cover underside 
toughness was w ritten  as
C2m = 6.25 + 5.75 Log £  -  a ( ) b 3.29
The experimental investigation  o f the f l a t  cover underside was 
used to v e r ify  the adopted skin f r ic t io n  expression. In these 
e*periments the fr ic t io n  fa c to r fo r  the channel without cover was 
Measured f i r s t ;  then, the cover was introduced and the channel 
composite- roughness was measured. The equations developed in Appendix A 
were used to determine the cover underside Chezy's fac to r C2 and hence 
the modified fac to r C2m was obtained using the re la tio n
C2m = c2/  ^  3,21
The underside configuration, in the form o f rectangular 
toughness elements with height A and spacing L, was attached to the 
cover underside as explained in Chapter IV . The forementioned procedure 
Was repeated to determine the cover underside f r ic t io n  fa c to r C2m , and 
the form resistance function <SC2m was found from the re la tio n
<SC2m = 6.25 + 5.75 Log £  -  C2m 5.3
where the value o f k fo r  well fin ished wood was adopted as .001' 
following th a t reported by Chow (9 ) .  A summary o f the experimental 
^ s u lts  is  presented in  Table E -l in Appendix E.
The experimental data were p lo tted  and a curve was obtained as 
shown in Figure 5.21. The least square method was used to develop an
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
o
CO
<I-J
om
CM
o<o
oo
CM
Ouo
oo1—I
oLD
CMO«o
O
ID
O
*3-
O
CO
o
CM
> - | <  
l|<
> - |< 3  
—11 <3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Fi
gu
re
 
5.
21
: 
Fo
rm
 
Re
si
st
an
ce
 
Fu
nc
tio
n
107
expression fo r the form resistance function as
5C = 44 ( —  A -  )% 5 .4
6L2m ' L * Y '
with a correlation  c o e ffic ie n t o f 0 .95.
The general expression fo r the cover underside fr ic t io n  fac to r  
can then be w ritten  in the form
C2m = 6.25 + 5.75 Log £  -  44 . - f - ) k  5.5
which was found to describe well the experimental data fo r the range 
( .2 9 < R < .3 4 )  and (.0025<^- . y < .0 5 ) .  Further experimental and f ie ld  
data are needed to te s t the equation's a p p lic a b ility  beyond the 
laboratory lim its .
5 .2 .2  Behavior o f the F ric tion  Factor Equation
The f i r s t  two terms in Equation 5.5 express the skin f r ic t io n  
contribution to the to ta l cover underside resistance. This expression 
was adopted from the l ite ra tu re  (8 ) ,  (9 ) ,  (31) where i ts  behavior is  well 
documented and i t  w ill  be not discussed fu rth e r here.
The la s t term in Equation 5.5 represents the change in the to ta l 
cover underside fr ic t io n  fac to r due to the existence of the underside 
configuration. The general tendency of th is  term is  to decrease the C2m 
value by retarding the flow and can be explained by the added resistance 
such a configuration. In the absence of such forms th is  term w ill  
vanish and the skin f r ic t io n  w il l  be the only source o f resistance.
I t  can be seen from the form resistance expression th at a cover
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with steeper underside waves w ill cause more resistance than a cover 
with a fla tte r bottom. On the other hand, the projected depth ratio 
A /Y reflects the degree by which the flow is affected by the 
disturbance caused by the forms. As the channel depth increases the 
disturbance zone relatively decreases and less resistance should be 
expected.
The added form resistance increases with ( . -y- ) value as
shown in Figure 5.21. Since the added resistance cannot increase 
indefinitely, i t  is expected that the SCgn, value w ill increase to a 
certain lim it at which a type of a skimming flow (9) w ill appear, and 
the resistance w ill be limited to the quasi-smooth one. This phenomenon 
was not investigated in this research.
5*3 Underside Configuration
In Chapter I I I  the general equation for the underside configuration, 
Equation 3.31, was developed along with the necessary expression for the 
local friction slope S .^
A frictionless model and an average friction slope model were 
tested and the results were found to be physically impossible (e.g. 
negative flow depth). This confirmed the necessity of using the local 
friction slope to obtain realistic results.
Different methods can be used to integrate the general equation.
*n the following articles the direct integration is presented for the 
case of a flat-bed. A modified step-by-step method, similar to the one 
used with the general dynamic equation, was adopted in solving the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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trian g u la r and dune t>ed-form cases. A comparison between the predicted  
and the experimental data w il l  be presented fo r each case.
5 .3 .1  D irect In tegration  Method
This is  the case o f a channel with f la t-b e d  sloping at a 
constant value. The general d if fe re n t ia l equation in th is  case, a f te r  
the proper s im p lific a tio n s , is  w ritten  as
d l (  XZ I ^  .  B /  Y3 + g ) =
S0 ( (1+x)(H -  nb) /  Y -  1 -  X + X/ Sg ) 5.6
which can be d ire c tly  integrated to y ie ld
a  -  El B, -  CD-3 Ln(D + EY) +
ED
+ Ln Y = X + Constant 5.7
D
where A = (H -  n^) (a -  1) /  *
B = ( q2 /  ( 9 Sg ) )  (V ^ /V 2 + v22/ v2 -  1)
C = 1/X + 2 X / (  Sg (1 + X ))  -  2 5>8
D = SQ (H -  n b) (1 + X )
E = SQ ( x/Sg -  1 -  X )
and the in tegration  constant can be estimated fo r any known boundary 
condition. Substituting the local values a t certa in  distance X, and 
solving, the flow depth Y can be obtained. The cover thickness ns can
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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then be estimated from the re la tio n
The successive application o f the equation at d iffe re n t  
in tervals w ill  resu lt in the longitudinal p ro file  of the underside 
configuration.
In Figure 5.22 experimental and theoretical results o f the underside 
configuration corresponding to a f l a t  bed o f 0.005 slope were drawn.
A good agreement was obtained fo r the tested case.
5 .3 .2  D irect Step Method
The integration  of the general d if fe re n tia l equation, Equation 
3.36, is  sometimes d i f f ic u l t  because o f the shape o f the bed-forms. In 
this case a numerical in tegration becomes necessary. The d irec t step 
method was adoped here because o f i ts  s im p lic ity .
Table 5.1 i llu s tra te s  the procedure followed in the application
of the method. The values o f dnb /  dx are assumed to be known along the 
channel, i f  a t any point (XQ) the flow depth (YQ) is  known, the value o f
(dY/dx)Q can be calculated and the expected Y a t (XQ + dx ) can be
determined as
Y(Xq + dx) " Yo + <dY/dx>o <dx> 5 ‘ 9
Then Equation 3.34 can be used to predict the cover thickness.
The solution is then progressed along the channel to obtain the 
underside configuration. I f  an in i t ia l  solution cannot be found, the 
Point a t the leading edge of the cover, ti = 0 ,  can be used i f  its
1 s
°cation is known. I f  th is  point was fa r  upstream from the reach of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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DATA CALCULATIONS
No X b
dr^
dx Y ns £ Remarks
0 x0 nb0
e
|/
o 
. Y0 ^sO
0
Given Line
1 X1 nbl
dnfa
9 ~ a r 1 Y1 nsl *  dx 1 •
2 x2 nb2
dnb
9 -d T 2 2 s2 dx 2
3
X3 % 3
n dnb 
9 dx 3 Y3 - *
Ax can be changed fo r each step.
Ax should be reduced a t the maximum and minimum points o f ns 
( i .e .  crests and troughs}
TABLE 5.1; Details o f D irect Step Method Calculations
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
113
in te re s t, or cannot be defined, an estimate of YQ can be assumed and 
the solution should be ite ra ted  to establish the fin a l configuration.
In th is  solution the forward difference scheme was used. The 
model results might improve i f  the central or backward differences are 
adopted; th is  depends on the p a rtic u la r problem under investigation .
Special care should be given to the chosen step size dx due 
to the wavy nature o f the underside configuration. A long step can 
mislead the solution by underestimating the rapid change in the slope. 
Generally the shorter the step the more accurate the solution w ill  be.
The. following examples demonstrate the application o f th is  method 
to channel flow with d iffe re n t bedforms.
Triangle Bed-Form
In th is  a r t ic le  , the underside configuration of a loose cover 
in the presence of tr ian g le  bed-forms is  studied. Table 5.2 illu s tra te s  
the detailed  calculations fo r a typ ical experiment. The la s t two columns 
were added to show the corresponding experimental results while Figure 
5*23 shows the computed and measured configurations.
The measured values a t station  0 were used as in i t ia l  values fo r  
the solution. The computations were carried a t one inch in tervals  while 
the measurements were taken every f iv e  inches. The datum was taken a t the
lowest point in the bed to avoid any negative nb values. The bed slope
d nb/dx a t crests and troughs was assumed to be zero since the tangent 
ls actua lly  horizontal a t these locations. As can be seen from the
Graphs, the experiments and the theory agree very w e ll.
Dune Bed-Form
The underside configuration of the cover was studied in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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X dy/dx Y dy/dx ns Ym s^m
0 1.55 0.22 6.10 0.180 1.40 5.97 1.39
1 1.77 0.22 5.92 0.179 1.31 1.31
2 2.00 0.00 5.74 -0.005 1,25
3 1.50 -0 .50 5.75 -0.51Q 1.75
4 1.00 -0 .50 6.25 -0 .480 1.73
5 0.50 -0 .50 6.73 -0.470 1.76 6.85 1.31
6 0.00 0.00 7.20 -0.006 1.79
7 0.22 0.22 7.21 0.180 1.57
8 0.44 0,22 7.03 0.179 1.52
9 0.66 0.22 6.85 0.178 1.48
10 0.88 0.22 6.67 0.178 1.44 6.39 1.625
11 1.11 0.22 6.50 0.177 1.39
12 1.33 0.22 6.32 0.176 1.34
13 1.55 0.22 6.14 0.175 1.31
14 1.77 0.22 5.96 0.175 1.26
15 2.00 0.00 5.78 -0.006 1.21 5.54 1.48
16 1.50 -0 .50 5.78 -0.500 1.71
17 1.00 -0 .50 6v28 -4.810 1.72
18 0.50 -0 .5 0 6.76 -0.466 1.74
19 0.00 0.00 7.22 -0.006 1.78
20 0.22 0.22 7.23 0.178 1.55 7.06 1.76
21 0.44 0.22 7,05 0.177 1.50
a ll dimensions in inches •
TABLE 5.2: Calculations with Triangular Bed-form
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presence of immobile dune bed-forms as explained in Chapter IV . The 
same basic assumptions used in the trian g u la r bed-forms solution were 
applied here.
The measurements were carried out a t three in. in tervals  while 
the calculations, we re performed at one in . .  Figures 5.24 and 5.25 reproduce 
Pictures of the experimental re su lts , while Figure 5.26 shows the 
experimental and computed results which were found to agree.
5 .3 .3  General Remarks on the Predicted Configuration
From the figures i t  is  generally noticed th at a uniform regular 
wave configuration existed. The increase o f the cover thickness with 
the flow -ra te  can be explained by the s ta b il i ty  requirements. The 
wave length also increased with the discharge.
I t  is  also noticed th at the waves were steeper in the downstream 
face than the upstream one. This may be a ttrib u ted  to the bed-form 
influence since both the trian g u la r and dune bed-forms were shaped 
in that way.
An ice load, s im ila r to the sediment bed-load, was noticed to 
increase with the flow. The cover p artic les  moved only by in te rm itten t 
leaPs and/or by a creeping process. Neither sa lta tion  nor any kind of 
suspended movements were observed due to the high buoyancy force on the 
iig h t p artic le s .
Although both the flow and the bed-forms were assumed to be two 
dimensional, a change in phase angle between the central and the-side  
sections o f the configuration, Figure 5 .24, was noticed. This change was 
attrib u ted  to the e ffe c t o f the sides.
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Figure 5.24: Underside Configuration fo r  Dune Bed-form
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I
Figure 5.25: Underside Waves fo r Dune Bed-form
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The d ifference in phase between the cover configurations at 
d iffe re n t longitudinal sections gives rise  to d iffe re n t cross-sectional 
shapes. This can be seen in Figure 5.27 cases 1 to 6. The cover may be 
th icker a t the central p a rt, case 5, or a t the sides, case 4. I t  may 
consist o f one wave as in case 4 or more than one wave, such as cases 
1>2 and 3. The reason fo r  these differences is  the change in phase 
explained before.
5 .3 .4  Three-Dimensional Underside Configuration
In th is  a r t ic le  the experiments carried  out in  the 56" wide 
flume are analyzed. A typ ical set o f measurements is  presented in  
Figure 5.28. The ve loc ity  p ro file  established in th is  flume consisted 
° if a main stream in the central portion o f the channel. Then the flow  
Was reduced towards the sides. The in le t  condition was arranged in  
such a way th a t i t  w ill  amplify and maintain th is  transverse flow  
Pattern. The typ ical measured ve lo c ity  pattern fo r the te s t results  
° f  the model is shown in Figure 5.28.
In the longitudinal d irection  i t  can be seen that the cover 
edge assumes a very gentle slope. This slope varies with the flow ra te ;
■i <L  •
“ • i s  much gentler a t higher v e lo c itie s . The wave height decreases as 
the ve loc ity  increases; th is  can be seen by inspecting the central and 
Sl’de portion of the channel. At high flows, the cover in some runs was 
found to diminish a t certa in  locations along the main stream forming a 
Partia l cover. This was usually accompanied by a thickening o f the other 
Parts o f the cover.
An approximate solution was tr ie d  using the measured ve loc ity  
Profiles fo r v e rtica l s trip s  o f the channel cross-section, but fu rth er
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Figure 5.28: Three Dimensional Configuration
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investigations are needed to enable a complete judgement on the success 
of th is  technique.
5.4 Equ ilib rium  Thickness and Extension Mechanism
In th is  a r t ic le  the equilibrium  thickness and extension
Mechanism o f the cover are discussed based on the mathematical model 
Presented in Chapter I I I .
5 .4 .1  Behavior o f the model
The basic concept used in  th is  model was the block's freedom 
fo move in any d irection  as long as i t  stayed in contact with the 
cover and w ith in  the s ta b i l i ty  range. This freedom o f motion was not 
analyzed in the l i te r a tu r e ,  although i t  was reported. The s ta b i l i ty
c r ite r ia  considered in th is  model are the equilibrium  o f forces and
foments acting on the block. In the l i te r a tu r e ,  however, the n o -s p ill 
condition was the dominant assumption. This model shows th is  c r ite r io n  
to be true only in some cases. I t  fu rth e r shows th a t a block can have 
a submerged edge without being unstable.
Inspecting the equilibrium  conditions, i t  can be seen th a t a 
heavy block tends to become unstable in  the positive  ro ta tiona l modes. 
*n fac t i f  Sg become greater than unity the block w il l  autom atically  
submerge. On the other hand a l ig h t  block is  usa lly  stable but not in  
its  o rig in a l position . I t  tends to fo llow  the upturn mode.
A longer block is  more sensitive  to the va ria tio n  in the flow  
c°nditions than a short one. Also a th ic k e r  block becomes unstable much 
fas ter than a th inner one. The bed m aterial and flow depth a ffe c t the
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forces on the block. A smoother bed w il l  exert larger forces on the 
block underside than a rough bed w i l l .
The block edge guides the flow around the block. A streamlined, 
gently sloped edge, 2:1 edge fo r example, w il l  pass a higher flow -ra te  
with less disturbance than a blunt edge,for example a rectangular one. 
This allows the block to withstand severe flow conditions without 
Caching in s ta b il i ty .
5 .4 .2  Modes o f In s ta b il i ty
The freedom of the block to move v e r t ic a lly  and to ro ta te  in  
ar>y direction  about the point of contact with cover gave rise  to eight 
d iffe ren t modes o f in s ta b il i ty ,  Figure 3.13. The experimental inves­
tigation  confirmed these modes as can be seen from Figure 5.29 and 5.30.
The experiments also showed th at the thickening process can be 
broadly divided in to  two categories th at define the stage o f the blocks 
m°tio n . When the arrested block encounters favourable hydraulic condi-
j ,  •
lQns i t  becomes unstable through one o f the forementioned modes; th is  
ls the f i r s t  thickening process. Once the block rests under or on top of 
the cover edge i t  can be moved by the flow to form a new cover leading 
edge or to free the ex isting  one. This w il l  be re ferred  to as the second 
thickening process, Figure 5.31.
I f  the f i r s t  thickening is  an undercover type, the second 
thickening can assume a ro ll in g , s lid ing  or sa lta tin g  motion, or any 
combination o f these movements. On the other hand, i f  the f i r s t  
thickening is  an overcover one, the cover leading edge w ill thicken; 
en» depending on the flow conditions, a s lid ing  process could occur
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Figure 5.29: Underturning In s ta b il i ty
Figure 5.30: Upturning In s ta b il i ty
i
i
I
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or another f irs t  thickening mode could start to emerge.
Another interesting aspect of the instability process was 
observed experimentally with a series of short blocks placed back to 
back in front of the cover. A unified mode was noticed in whi.ch a ll 
the blocks acted as one unit.
The group of blocks were found to become unstable in almost 
all the rotational modes of a single block. Further more, when they 
Cached the instability condition and rotated for their final position 
they either rotated as one piece, Figure 5.32 or blew up with each 
Piece landing at a different position.
In general, i t  was observed that the steeper the edge geometry
the greater was the.block's tendency to underturn. For blocks with rect­
angular edges only underturning modes were observed. For blocks with 
other edges, this mode was observed only for long blocks;short blocks 
oxperienced upturn modes.
5.4.3 Numerical Solution
The equations that constitute the mathematical model assume a 
non-linear behaviour for the A and a values . This necessitates a 
America! solution for the equations. To fa c ilita te  the solution the 
tollowing assumptions were made:
The surface tension forces were neglected.
2* The flow is only affected in a limited distance XQ, from the cover 
where
XQ = L + 5 Le or 5t 5*10
whichever is greater.
permission of the copyright owner. Further reproduction prohibited without permission.
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3. The angle 0 varies l in e a r ly  w ith the distance Y from zero at 
the top to the tangent a t the edge's e x it  po in t. I t  is given as
e(y) = ( dy/dx ) 2 . y /  V2 5.11
4. The pressure c o e ffic ie n t Cp and the ve lo c ity  c o e ffic ie n t (a) 
equal to un ity .
3. No seepage through the bed nor any phase change between the cover 
and the f lu id  is  allowed.
6* The angle $ is  taken as the slope o f the d iv id ing  lin e  o f the 
depths Y2 and Y  ^ and hence $ a t any distance x w il l  be.
x -  X9 Y« -  Yo
♦ (x) = y---- y-  • Tan *5 TT ST 5 *12
a3~ a2 2 " 3
The bottom shear c o e ffic ie n t CT equals (1 + X) /  X.
5 .4 .4  Comparison with Experimental Data
The theory was tested against the experimental data obtained 
ar>d they were found to agree in general. Due to the n o n -lin e a rity  o f 
the equations only comments o f a generalized type could be made.
The horizontal forces on d if fe re n t edges were measured using 
Very short block to minimize the undercover shear e ffe c t . The v e rtic a l 
forces were d i f f ic u l t  to measure; hence, no comment can be presented 
at|out them.
The re s u lts , Figure 5 .3 3 , indicated th a t the edge forces 
^crease with the increase in the Froude number. A gentle edge o f 2:1 
slope, o ffers  less resistance than the more abrupt ones, such as re c t-  
an9Ular edges. The d ifference is  not constant; i t  ra ther increases
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with the force its e lf , which speeds the instability process. Circular 
edges experience less resistance at high flow-rate and Froude number, 
while the 2:1 edges have the lesser resistance at lower flows.
The force on the block underside was d ifficu lt to measure. 
Therefore the total force on the block was measured and the edge force 
was then subtracted. The underside forces follow almost the same pattern, 
Figure 5.34. The improved edge condition facilitates a smooth entry of 
the flow, allowing less shear to develop.
The shear on the block underside was very close for the three 
sloping edges. This can be explained by the fact that this shear consists 
°f a skin frictional resistance and an induced resistance due to the edge 
effect. The skin resistance was almost the same; the same block was used 
With the different edges. Hence, the difference is mainly due to the in­
duced resistance. The total shear and edge forces compromise the reaction 
° f  the block on the cover. This reaction was measured and the results are 
9iven in Figure 5.35 for the 2:1 edge. I t  can be seen that the reaction 
increases slowly at a low Froude number; then i t  changes sharply as the 
Froude number increases.
The vertical pressure on the block underside was measured and 
typical results for rectangular and circular edged blocks are reproduced 
1n Figure 5.36. From the figure i t  can be seen that a zone of negative 
Pressure develops under the cover up to a certain distance after which 
the cover assumes a uniform resistance. For shorter blocks, the behavior 
ln general w ill remain the same, but the extension of the pressure drop 
area w ill be accompanied by secondary zones causing the non-uniform reach
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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to extend downstream.
The negative pressure increases with a blunt edge; i t  is greater 
for the block with a rectangular edge than for the one with a circular 
edge which emphasizes the importance of the edge shape on the process. 
Other edges were also found to experience similar underside pressure 
distribution. The increase in the pressure at the edge tip  due to the
heading up was also common. From Figures 5.37 and 5.38, i t  can be seen
that the longer the block the lower its  tendency to be stable, due to the 
increase in the moments around the rotation center. On the other hand, 
the longer the edge length the more stable the block w ill be, due to 
the improved flow entry to the cover underside.
Thicker blocks or shallower channels (large t/Y ratio) cause 
the instability  conditions to be reached faster, Figure 5.39. Thin 
blocks reduce the non-uniform edge zones which result in less dis­
turbance to the flow. The theory was used to obtain the values of the 
displacement a under different flow conditions. The results for long 
blocks are shown in Figure 5.40. At low Froude numbers small negative 
displacement was noticed, but as the Fn value increased the displacement 
became positive and increased with Fn until the flow becomes super­
c ritic a l, when i t  decreases again. No similar distinct relations were
°btained for the rotation a ; but generally a was found to be always
Positive except for short blocks (t/L  less than 0.3) with gentle sloping 
edges (2:1 or 1:1 for example).
To test the valid ity of the model for the general instability  
Problem a stage curve for blocks with different edges was obtained 
fheoretically. A comparison of this curve with the experimental results
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is given in Figure 5.41 from which good agreement can be noticed.
As shown in the curve, the blocks can sustain higher flow-rates 
by allowing deeper flow to develop. This phenomena, heading up, should 
be investigated when designing any channel that w ill be exposed to cover 
formation. The theory and the experiments, under the tested conditions, 
were found to be in good agreement.
The proposed model can be modified to allow for any orientation 
for the block or any shape for the cover leading edge to be investigated. 
"This modification should only involve the location of the rotation center 
and the s ta b ility  range. None of the force and s ta b ility  equations need to 
be adjusted.
5*5 Remarks on Discussion of Theoretical and Experimental Data
The theoretical model presented in Chapter I I I  and discussed in 
this chapter constitutes a framework for the analysis and design of 
covered channels.
The mutual dependence of the velocity p ro file , fric tion  factor 
and underside configuration suggests that they should be treated as one 
Uni' t  in any in-depth analysis of the problem. Their effects should be 
deluded i f  the extension mechanism of the cover is to be investigated.
The design process of a covered channel should begin with 
choosing the cross-section dimensions as for an open channel. A 
Modification to the design should then follow, based on assumed 
rosistance factors to the cover underside, gathered from experience 
01, collected fie ld  data.
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A check fo r  the carrying capacity w il l  then reveal the optimum flow  
depth.
The underside configuration can be computed along with a check 
°n the extension mechanism o f the cover. A f in a l v e r if ic a tio n  o f the 
assumed resistance fa c to r should be carried  out using the obtained 
underside configuration. I f  the predicted value is  found to be d iffe re n t  
from the assumed one, a new value should be considered and the design 
should be modified accordingly.
G enerally, the model was tested in each o f i ts  aspects and 
good agreement was obtained between the theory and experiments. The 
model needs to be tested against f ie ld  measurements to prove i ts  
general v a l id ity .  No f ie ld  data were obtained in th is  research nor 
Were any found in the l ite ra tu r e  th a t could serve th is  puropse. A 
comprehensive f ie ld  data co llec tio n  program should be implemented to 
f i l l  th is  need.
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EMPIRICAL RELATIONS
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V I. EMPIRICAL RELATIONS
In th is  chapter, semi-empirical re la tion s are developed to p red ict 
the c r i t ic a l  Froude number a t which the block w il l  become unstable without 
the necessity o f knowing, in d e ta i l ,  the forces acting on the block.
6*1 Analysis o f Block S ta b ili ty
The analysis o f the block s ta b i l i ty  was f i r s t  made fo r  the case 
° f  uniform submergence caused by a uniform pressure reduction a t the 
base o f the block. With th is  assumption the length o f the block w il l  not 
be a parameter in the equation. The n o -s p ill conditon was used where the
water surface ju s t reached the top o f the block. In th is  case the r is e
•• , *
the. water TeveT', due to the stagnation pressure a t the upstream face, 
was equal to the approach ve lo c ity  head. This ris e  was considered in  
addition to the submergence o f the block in a rriv in g  at the f in a l water 
le v e l.
6 .1 .1  Uniform Submergence Analysis
For th is  case i t  was assumed th a t the block would experience a
uniform submergence ( a ) as shown in Figure 6 .1 . The governing equations
are the co n tin u ity , energy and the n o -s p ill condition.
The continu ity  equation can be expressed as:
VH = Vu ( H -  sgt  -  A ) 6 .1
where, V = upstream ve lo c ity  
H = upstream flow depth 
Vu = flow ve lo c ity  under the block 
t  = block thickness
142
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Block: Cover
Bed
Figure 6 .1 : D efin itio ns  and Notations
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1 4 4
Sg = sp e c ific  g rav ity  o f the block m aterial 
The energy loss between the upstream section and the cover 
underside was considered to be proportional to the ve lo c ity  head 
upstream, i . e .
HL = K V2/  2g 6.2
where, K = energy loss c o e ffic ie n t
The app lication  o f the energy equation between these two sections
yielded
2
H + (1-K) -|g- = (H-a ) +
The n o -s p ill condition provided
V 2
A “ (l-S g ) t  -  7^— 6 .4
The solution o f these equations,' neglecting the energy loss, gave
f2 
2gHV /  SFTH = / £  ( l - s  ) ( 1-  i  +  V ) 6 .5
Using the dimensionless grouping to give the upstream Froude 
number (F = V/ /gH") as one variab le  transformed Equation 6.5 in to  a 
second degree equation in Fn. Solving th is  quadratic equation fo r  Fp 
Resulted in
Fn = / ¥  < Z ' A 1 -  f f  U -  ff) ) 6.6
which
Z = 1 / 2  / ( I  -  Sg) 6 .7
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6 .1 .2  Submergence with Rotation
I f  the submergence is  accompanied by a ro ta tio n , i t  can then be 
ai,gued th at the length , L, o f the block can influence the mechanism o f  
in s ta b il i ty  process. In such an instance, Equation 6.6 can be modi died 
to give
Fn ■ y ? < Z -  / z 2 - £ ( ! - £ >  ) M 6 .8
where M is  a function th a t would express the e ffe c t o f the ro ta tion  of
the block.
The dimensional analysis revealed th a t M should be a function o f 
N a t iv e  dimensions o f the block, Froude number and edge geometry i . e .
M = M ( ■£■ , Fn , edge geometry ) 6 .9
The experimental data were used to y ie ld  the required expressions
f °r  m.
Results 
6 *2.1 Modes o f In s ta b il i ty
Two modes o f in s ta b il i ty  were considered in th is  chapter. The
bderturning mode o f in s ta b i l i t y ,  in  which the block underturns and comes
^est beneath the cover, and the upturning one, where the block terminates 
above 4-utne cover. No fu rth e r subdivisions o f these modes were considered.
In the follow ing a r t ic le s  the resu lts  o f the experimental
Vestigation  as well as the best f i t  expressions fo r  the M function are
^ s s e d .
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6 .2 .2  Blocks with Rectaqular Edges
The value o f M, as given by Equation 6 .8  was p lo tted  against the 
block thickness to length r a t io ,  Figure 6 .2 , and a fam ily o f curves was 
obtained. In each o f these constant Froude number curves two branches were
j  «
lstinguished. The steep portion o f the curve represents long blocks while  
f la t t e r  part o f the curve describes the s ta b i l i ty  o f short blocks. The 
l east square method was used to develop the fo llow ing expressions fo r  the
M Unction
long blocks,
M = 0.0076 Fn~0 *56/  ( t /L )  + 2.15 FR + 2 /3  6.10
short blocks,
M = 0.05 Fn"0 *56 ( t /L )  + 2.15 Fn + 2 /3  6.11
The change-over point between long and short blocks is  denoted 
by the point o f in tersection  o f these two curves.
6*2.3 Blocks with C ircu la r Edge
The laboratory resu lts  o f blocks with c irc u la r  edge were p lo tted
^  p  ■
"•gure 6 .3 . A ll the experimental points f e l l  sensibly in to  a single
ind icating  th a t fo r  blocks with a c irc u la r  edge the block length has
ne9 lig ib le  in fluen ce , w ith in  the experimental range. The M function was
° Und to fo llow  these re la tio n s :
M = 4 .0  F_ + 0.75 F < 0 .3  6.12n n
9nd
M = 4 .0  F 3 + 1.50 F > 0 .3  6.13n n
6*2.4  Blocks with 1:1 Edge
For th is  type o f edge the M-Fn p lo t is  shown in  Figure 6 .4 . The
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existence o f the sloping edge reduces the entry disturbance and thus the 
Pressure reduction is  reduced lim it in g  the length e f fe c t .  The M function  
Was ^ound to be best expressed as
M = 5.5 Fn + 1 /8  Fn < 0 .3  6.14
and
M = 4 .0  Fn3 *5 + 1.5 Fp > 0 .3  6.15
These expressions are s im ila r  to those obtained fo r  the block with
a c ircu la r edge. This can be a ttr ib u te d  to the fa c t th a t both have the
Sarne extension o f the leading edge and hence the reduction in the pressure
WlH  be almost the same in  the two cases.
6 .2 .5  Blocks with 2:1 Edge
The resu lts  fo r  th is  type are p lo tted  in  Figure 6 .5 . For Froude
numbers less then 1 /3 , a s ingle equation giving a s tra ig h t lin e  describes
h^e behavior o f the function M, namely,
M = 2.75 Fn + 0.83 6.16
This equation was also found to represent the behavior o f the M
Unction fo r  long blocks ( t /L  < 0 .1 ) a t higher Froude numbers. For
shorter blocks the follow ing equation was found to give the best f i t :
M = 5.66 F 4- + 1.85 6.17n
6*2.6 Upturning In s ta b il i ty  Mode
In th is  mode the block becomes unstable a t a higher Froude number
th
n the underturning mode block, and the M value, corresponding to a 
Froude number, was also found to be higher.
The main factors in  causing a block to fo llow  the upturning mode 
ey,e found to be the block dimensions and the leading edge geometry. With 
116 leading edge sloping a t 2:1 a l l  the blocks with a th ickness-to -length
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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fa tio  greater than H were found to fo llow  the upturning in s ta b il i ty  mode.
^ is  mode was also found to occur fo r  c irc u la r as well as 1:1 sloping
ec*ges fo r  blocks with ( t /L )  greater than 0 .75 .
The experimental resu lts  obtained fo r  th is  mode are reproduced in
19ure 6 .6 . Two branches o f the curve are shown. These branches can be
Ascribed by the follow ing equations:
M = 2.75 F + 1.15 fo r  Fn c  0.45 6.18n n
and
M = 3.3  F 4,5 + 2.75 fo r  F„ > 0.45 6.19n n
The lin e  between the two modes o f in s ta b i l i t y ,  namely the 
Underturning and the upturning modes, is  drawn using the guidelines fo r  
*he edge shape and t /L  ra t io  indicated e a r l ie r .  For mixed blocks the 
Tower c r i t ic a l  Froude number should be considered fo r  design purposes.
Behavior o f the Equations
Equation 6 .8  can be expressed in the form
Fn ! -  ) 6.20
where M can generally be expressed as
M = a Fnb + c 6.21
the values o f a , b and c are summarized in Table 6 .1 .
Since
\ z
the equation can be expanded to
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Fn = (Z M/ t/H ) ( £ - (1  -  £ ) + .............. ) 6.22
I f  only the f i r s t  term is considered, th is  equation w ill  be 
Educed to Equation 2.19 with A = 0 and B is  a function o f M and K.
The lite ra tu re  equations, presented in Chapter I I ,  were, tested 
a9ainst the experimental data obtained in th is  research. The results  
are shown in Figures 6 .7  through 6.10. I t  is c lear from these figures  
that the l ite ra tu re  equations are only applicable to blocks with a 
Octangular edge. For other edges the l ite ra tu re  equations have a very 
 ^invited a p p lic a b ility .
Figure 6.11 shows a typ ical set o f curves th a t ind icate the 
hshavior o f the equation suggested in th is  chapter as well as those in 
l ite ra tu re . I t  can be seen from the figure  that the proposed equation 
c°vers a wider range of flow conditions and re la tiv e  block thicknesses.
I t  should be noted th at the suggested expressions were developed 
Sizing the experimental data and were subject to the experimental 
e,"rors given in Appendix D. These expressions should be used cautiously 
Slnce they were established fo r  a lim ited  range o f data. Further experi­
mental and f ie ld  measurements are needed to v e rify  and extend the range 
th e ir a p p lic a b ility .
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V II CONCLUSIONS AND RESEARCH REMARKS
In th is  chapter a summary o f the conclusions obtained from th is  
research is  presented followed by suggestions fo r  fu rth e r investigations.
7*1 Conclusions
The follow ing conclusions can be drawn from the previous dicussions:
!• A technique was developed fo r  predicting the ve lo c ity  d is trib u tio n  
in  covered channels with d iffe re n t boundary roughnesses.
2* A method fo r estimating the composite roughness was developed using 
Manning's roughness as
-5 /3  n, 5 /3
n ^ / n  = (ct + C l “  Ct) x) ( a  +  ( 1  -  a )  —  X )
where x is  the solution of
R1/S n 4a V® ni 2/3= M  ( /x  -  1) („  ♦ ( I  -  a) x) /  x )
S im ila r re la tion s using Chezy's f r ic t io n  fac to r were also'developed.
An em pirical expression fo r the f r ic t io n  fa c to r o f the cover underside
expressing the skin and form resistances was obtained in the form
C2m = 6.25 + 5.75 Log £  -  44 ( ^  $  ) h
where C2m = C2 / /g
4nd C2 ?= the cover underside Chezy's c o e ffic ie n t.
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The f i r s t  two terms represent the skin f r ic t io n  and were adopted 
from the l ite ra tu r e  (9 ) ,  (3 1 ), (44) while the form resistance  
function , expressed by the la s t  term, was developed using the 
experimental data obtained in th is  research and is  v a lid  only w ith in  
th e ir  l im its . Further tests  are needed before the equation could be 
extended beyond the experimental l im its .
4. A study o f the forces acting on a block arrested a t the cover leading  
edge was presented. Only the case o f ro ta tio n  about the contact 
point was investigated . A method was developed to p red ict the 
extension mechanism and to te s t the s ta b i l i ty  conditons.
5. An em pirical re la tio n  fo r  the block in s ta b il i ty  problem was also 
developed to f a c i l i t a t e  a less complicated solution to the problem.
6. A mathematical model fo r  pred icting  the underside configuration of 
loose flo a tin g  boundaries was presented.
7* The experimental investigation  proved the a p p lic a b ility  o f the
proposed models w ith in  the experimental range. Further data are 
needed to extend the rage o f a p p lic a b ility  o f the developed technique.
^•2 Remarks on Further Investigations
The study presented in  th is  thesis gives r is e  to some topics
that warrant fu rth e r research. Some o f these topics are summarized as
fo l1ows:
Further studies o f the a p p lic a b ility  o f the proposed ve lo c ity  
d is tr ib u tio n  technique to prism atic channels are needed.
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2. Experimental investigation o f the shear d is trib u tio n  in open and 
covered channels is  necessary to v e rify  the theoretical solution.
3. A method fo r the d e fin itio n  of a f r ic t io n  fac to r that is  a property
of the boundary alone and a flow equation th at s a tis fie s  such a
condition can be a subject o f fu rth e r research.
4. The study o f the in s ta b il i ty  problem fo r  d iffe re n t geometrical
shapes o f e ith e r the cover leading edge or the block ta i l  is
necessary to complement the proposed model. Also the case o f the
block ro tation  about i ts  center o f buoyancy ra ther than i ts  contact 
point needs to be investigated.
5. The lack o f any f ie ld  data on the flo a tin g  boundary problems 
re s tr ic ted  the results to those o f the laboratory models. A 
comprehensive f ie ld  program is needed to compensate fo r such 
missing data.
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APPENDIX A
In th is  appendix the necessary equations fo r  the determination 
o f the composite roughness in covered channels are developed. A numerical 
example is  also given to v e rify  and i l lu s t r a te  the application o f the 
equations.
A .1 Velocity P ro file  Relations
The ve loc ity  p ro file  presented in Chapter I I I  with the notatiions  
adopted in  Figure 3.1 was given in the form
V. -  U ^ e .)  = ,V*. F ^ e .) »i = 1,2
and Vmax " = V* i  *V ® i* , i  = 1,2
where ei = y i 1 Yi , i  = -1 ,2
and V*. = i/g R. S , i  = 1,2
From these equations the d ifference between the average 
ve lo c ities  of the bed and cover subsections and Vg respectively is  
given as
V1 “ v2 = i IT (V*1 " V*2> AA
where k is  the Von-Karman constant and equals 0 ,4 . This re la tio n  can be 
combined with the continu ity  equation to obtain the mean ve loc ity  in  
the channel V, as
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where and A2 are the cross-sectfonal areas o f the bed and cover 
subsections and A is  the to ta l cross-sectional area.
A .2 Geometric D efin itions
The follow ing d e fin itio n s  are adopted to describe the channel 
geometry:
1. The re la t iv e  wetted perim eter ra t io  a is  the ra t io  between the bed 
subsection wetted perim eter, P p  and the to ta l covered channel 
wetted perim eter, P, or
a = Pj /  P A .3
2. The hydraulic ra d ii ra t io  X is  defined as the ra t io  between the
cover and bed subsections hydraulic r a d i i ,  or
X = R2 /  Rx A .4
where R is  defined as
Rl=  Ai /  Pi i  *  1 ,2  A. 5
3. The ra t io  between the areas o f the two subsections and the to ta l
area can be expressed as
(A1 -  A2) /  A = (a  -  (1 -a  )X ) /  (a + (1 -a  ) X. ) A .6
A.3 Expressions For Composite Roughness
In th is  a r t ic le  the expressions fo r  the determination o f the 
hydraulic ra d ii ra t io  X and the composite roughness o f the channel w il l  
be presented in terms o f Chezy's C and Manning's n roughness c o e ffic ie n ts .
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A .3.1 Application to Chezy's Equation
The Chezy's equation can be w ritten  fo r  each subsection as
Vi = Ci ✓ R1. S , i  = 1,2 A .7
which can be combined with Equation A .l  to y ie ld  the value o f X as
X = ( (Cx + J) /  (C2 + J) ) 2 A .8
where J = 2 /g  /  3 < A .9
Combining these re la tion s  with Equation A .2, the composite 
roughness can be expressed as
f  = (a + (1 -  a )X ) 3 /2 (a + (1 -a  ) X ^  ) A .10
L1 L1
A .3.2  Application to Manning's Equation
The flow equations according to Manning, w ritten  in foot-second 
units fo r  each subsection, are
1 aoc 2 /3  1/2
vi = S , i  = 1,2 A. 11
The introduction of th is  equation in to  Equation A .l w il l  end 
in the expression
^  .  0 A 4  ( / 5 -  1) -------  ( a +  (1 .  a )X ) 1/5 A. 12
" l7^ * (1 -  n;L X3/ 2 /n 2)
For any value o f R and known values o f n  ^ and n2 , th is  equation 
oan be solved to estimate the * value. Combining the previous equations
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with Equation A .2 w il l  re s u lt in estim ating the composite roughness 
n from
n-. -5 /3  n., 5 /3
—- = (a + (1 -  a) X ) (a + ( 1- a ) —  X ) A .13
2
EXAMPLE
Given (3 9 ): wide channel 
Y = 2.12 f t  
nx= 0.0240 
n2= 0.0122
Required: X, n , C, check ve lo c ity  p ro f ile  re la tio n s .
S o lu tion : Using Manning's n :
For wide channel a = 0 .5 , R = Y/2 = 1.06
R1/6 /  n^ fg  = 7 .416 , nx/n 2 = 1.967, k = 0 .4
From Equation A .12
7.416 = 1.11 ( /x  -  1 )(0 .5  + 0.5X ) 1 /6 / ( l  -  1.967X2 /3 ) 
solving fo r  X : X = 0.3916 
From Equation A .13: n = 0.0186
which agrees with the values reported by Uzuner,
Levi 0.0198, Carey 0.0191, Hancu 0.0207, Larsen 0.0186
Using Chezy's re la tio n  
X = Y2/Y 1 = 0.3916, Y1 + Y2 = Y = 2 .1 2 , hence 
Y1= 1.523, Y2 = 0.597
S u b s titu tin g  in Chezy's equation: C^= 66 .41 , C2= 111.75 
From Equation A .8: X = ((66 .41  + 9 .5 )/(1 1 1 .7 5  + 9 .5 ) ) 2= 0.3916 
From Equation A .10: C= 80.47  
which agrees well with Uzuner1 s data.
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Check fo r  ve lo c ity  re la tio n s :
Using a rb itra ry  slope S,
Vx -  V2 = 66.41 A . 523 S -  111.75 / 0 . 597 S = -4 .38 /S
(-2/3ic) -  V*2) = (^ /S x O .A H v ^ .lS x l^ S x S  -  /32.18x0.597xS)
= -4 .3 6 /S
which confirms Equation A .5.
V = 80.47 A . 06 S = 82.85 /S 
Vx + V2 = 168.29 AT
(A1 -  A2)/A  = (0 .5  -  0 .5 x 0 .3 9 1 6 )/(0 .5  + 0.5x0.3916) = 0.7186 
(v* l  -  V*2 ) / 3 k = 2.18 /S 
From Equation A .6,
V = *2X168.29/S -  2.18/S x 0.7186 = 8 2 .6 ^
which agrees with the previously obtained value; th is  confirms 
Equation A .6.
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FORCES AND MOMENTS ACTING ON BLOCKS ARRESTED
AT THE
LEADING EDGE OF THE COVER
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In th is  appendix the d iffe re n t forces acting on the block and 
th e ir  moments about the centre o f ro ta tion  are developed. The notation  
and d e fin itio n s  are explained in Figure B .l.
B .l Weight o f Block Core
The weight o f the block core W is
W *  YSg t  I  B .l
acting on the positive  y d ire c tio n . The moment caused by th is  force in  
the general position is
Mw s W (. % L Cos a -  L h t  -  Sg lt  + A -  Yr ) Sin a ) B.2
B.2 Weight o f Block Edge
The weight o f block edge is  Wg , where
We  -  Y sg Ve B .3
where Vfi = Volume o f Edge
Shown in Figure B .l are the points o f action o f th is  force. The 
moment due to th is  force is
Mwe = We CCL + ex ) Cos “ " (ey " Sg lt  + A " V Sin “ ) BA
D iffe re n t types o f block edges can be found in nature. The two 
cases suggested in th is  research are the lin e a r  and c irc u la r  edges, 
Figure B.2,Equations B.3 and B.4 fo r these types are reduced to :
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Figure B.2 Types o f Block Edges
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a) Linear Edges:
W0 = Js y Sg c t 2 B.5
b) C ircu la r Edge:
We = % Y sg t 2 B.6
B.3 Additional Weight o f Mater due to Submergence
This weight w il l  only appear i f  the block is  stable in such a 
Position th a t i ts  top leading corner has plunged under the flow surface, 
Figure B.3. This fo rce. W . isa
W = % y Y ,2 /  Tan a B.7a  1
where Yj is  the v e rtic a l ordinate o f the top leading corner a f te r  d is ­
placement A and ro ta tio n  a . I ts  moment, Mwfl, is
Mwa ‘  Wa ( L + Le '  7  Y1 '  T a n a ) B' 8
In the case o f a sink-upturn mode a s im ila r  condition can happen then
Wa = H. y Y^2 /  Tana B.9
and Mwa = WQ ( |  Y4 /  Tan a ) B.10
where Y  ^ is  the v e rtic a l ordinate o f the back top corner o f the block.
B.4 Surface Tension Force
This is  the force th a t develops between the two adjacent faces
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Figure B.3: Additional Weight due to Submergence
Lover
Block
Figure B.4: Surface Tension Forces
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of the blcok and cover. This force is  very small and only acts when 
the block and cover are very close. I t  can be sa fe ly  neglected without 
any disturbace to the re s u lts . This force is  shown in Figure B.4.
Edge Forces
The edge force was estimated by applying the momentum p rin c ip le  
to the d if fe re n t ia l  volume shown in  Figure B.5. The edge surface, in  
the displaced p o s itio n , Figure B .5 , was described generally as y = y _ (x ) .c c
B .5.1 In the x d irec tio n
The app lication  o f the momentum equation to the d if fe re n t ia l  
element, considering ,the pressure to be hydrostatic , gives the horizontal 
component o f the edge force as
/
dFxe= Y ye dy +p Vs2 d ( ye + y |  Tan e /  (X0 -  x ))  B . l l
where Vg is  the surface ve lo c ity  and equals
V = Cc V s s
and Cg is  the surface ve lo c ity  c o e ffic ie n t th a t can be obtained through 
the developed ve lo c ity  p ro f ile  in Chapter I I I .
The distance from the cover face to the fa rth e s t point , up­
stream o f the block, th a t fee ls  the block's existence is  denoted by XQ. 
This distance was considered as
X Q = L + 5Le or 5 t B.12
whichever is  g reater.
In tegrating  th is  equation w il l  y ie ld  the edge force Fxe as
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
174
>oo
3
GO CO
o
CO
03
L i-' ai
+j
= 3
4->
X 4->
toCD
CD-a
LO
CD
CO
s_
cn
L u
to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The local moment about the point o f ro ta tio n  due to th is  force
is
Mxe =- f  (ye “ V  dFxe B.14xe edge
B.5.2 In the Y d irec tio n
Following the same approach as the horizontal fo rce , the local
v e rtic a l force is
2 y z• e
The to ta l force accordingly w il l  be
dFve = - W ' - p V  y  '  (X0 " x )  B-15ye e b  u
F = /  dF B.16
ye edge ye
and the to ta l moment due to th is  force w il l  be
M = /  x dF B .17
ye edge ' ye
I t  should be noticed th a t i f  the leading top corner drops below 
the s ta t ic  water level in any sinking mode, the in tegra tion  lim its  should 
be m odified.
B.6 Forces on the Block Underside
The forces acting on the block underside and th e ir  moments are 
obtained using the momentum equation, Figure B.6. The application  o f the 
momentum p rin c ip le  to the d if fe re n t ia l  element w il l  y ie ld  the va ria tio n  
of both the X and Y components o f the underside forces with the X d i­
rection as
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^Fyu _ ^Rb dW , d , .. „ 1Q
dx dx ~ dx p q dx  ^ u *  ^ 8,18
and
dF dx' dP .
cGT*"  d3T + d 3 T - p q H3T<a V o s *  ) B.19
where the d iffe re n t terms w il l  be determined subsequently.
The moments caused by these forces can then be calculated as
f  dF
M -  dx B' 20^ block underside
and
r  dF«,.
Mxu = J  (V V dx B' 21block underside u
In the previous expressions the to ta l pressure was assumed to  
be proportional to the s ta t ic  one. Hence, the pressure was expressed as
P„ = C_ y H (H -  Jg H ) B.22X p u 2 uy
The water weight, W, was taken as the weight o f the water column 
above the bed a t the section. The va ria tio n  o f th is  weight along the X 
axis is
dW /  dx = y Hu B.23
The bed reac tion , on the other hand, equals the to ta l weight 
of the f lu id  and the cover above the bed, i . e .
dRb /  dx = H B.24
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
178
The bed shear, x^, is  the shear th a t developes a t  the bottom 
in the bed subsection. This shear is estimated a t
dr^/dx = y Hu S /  (1 + X) B.25
where C is  a fac tor th a t accounts fo r  the nonuniform conditions at  x
the leading edge and the re d is tr ib u tio n  of the energy under the cover, 
and x is  the hydraulic ra d ii  ra t io  as expressed in Appendix A.
The continuity re la t io n  shows the varia tio n  o f the flow in 
the X d irection  to be
dq /  dx = d( VuHuCos <j> ) /  dx B.27
which can be used to express the varia tio n  in the ve lo c ity  components 
as per the momentum equation. These varia tions w i l l  be
^  ( a V uCoS4, ) =  2-9. ( I - d |  + l^Tan 0 + I  | l ) B.28
and
d / _ c . , x _ a q t- . / Tana , 1 da . 1 dq
dx  ^ a VuS in *>  " H„ Tan +  ^ H„ a dx q dxu u
+ c . 2 4^  ) B.29Sin 2<j) dx 1
The expressions developed in the forementioned equations, namely
Equations B.18 to B.29 can be used to obtain the forces on the block
underside, F and F , as well as th e ir  moments M and M .
X U  j  U  X U  j r  U
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B.7 The Cover Reaction
In order fo r  the block to be stable the sum o f a l l  the forces 
acting on i t  in as well as th e ir  corresponding moments should vanish. 
Hence the cover reactions a t  the point o f  contact can estimated as
R = F + F B.30x xe xu
and
Ry “ Fye + Fyu ‘  w '  We ‘  wa B' 31
and the values o f the d if fe re n t  forces were estimated e a r l ie r .
The tangential reaction Rt  can be expressed as
R. = R Cos a -  R Sin ct B.32
while the sum of a l l  the moments is
EM = M + M + M - M  - M  - M  + M  B.33w we wa ye xe yu xu
and the d if fe re n t  moments were developed e a r l ie r .  For the block to be
stable th is  sum of moments should vanish, i . e .
EM = 0 B.34
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C^"Mrw/>pPAi/i. ,i.£,T,TC.CiSG.NU.NP.r,M.S.XO.yR.Xfi.Yfi 
C’-«MCM/AorA?/xn(,;) ,<(5 ),VTtt>)4Y(5),X = (20) .Y?t 25 ) ,XU (20 ) ,YU(?0) 
'■'lW'rM/nPPA’ /VI ,*1V» . WC. •' ••!= .  vw . VW4 .FEX ,  V E X  .F^Y ,  « F Y  . F U X  . VIJX . FlIY. WHY . RX 
■ * . OY . e*T , NT 
r f - » . M r v /  s o t?  A A / v p *  . H P
D t * * = m s  t c n  t t h (  ? c ) .  2  ( 3 0 1 .  n = Y ' j c x  ( ? o i  . p w  j c x i  2 0 ) . c c x u n x ( ; ? o >  . n v x u n x f ? o
*  1
f1 I «  =  N <  r ^ M  T H ( P p  )
P P U P L F  P P F C J P I P W  XX .  ViA . E P S  . A L =  , R L T  
p s  AL*AT ,  mw ,  MVHT, MW A .  s * FY  .  MPX ,  M U Y  . M U X . L  .  U E  . N C  
C - 7 2 .  I  F 
P  1 =  7  .  1 4 
« G l  =  t . - C G
I F  f  M - F . « * C . n . O )  A l _ r  =  0 . 0 0 0 l  
C C C C r C P Q I N T  O F  P O T  A T  I C N  
A 4 t _ e  =  C » f 5 ,5 (  A t  F )
S ^ E  =FG-0.=+0.f * ALF/AALF 
I F f  «GF *  ALT )  2 . 1 . 1
1 Y R = S G c * t C 
n n  t  p  7
2  YC =  S C B5*  T +  n L T  
*» XPcfl.O
C r C C C C r C T P p M t K A T T P N  p f  R C T A T F J  P O I N T S  
f « L F = l  
5  At, F a  -M F  
T A L e = A U F  
O P  I  t t =  I  .  5
X ( t ) = X P ( I ) * C A U P - ( ' f ' ' (  I )  A O L T - Y P )  * s  a l f  
Y {  T t = X O (  ! i f f  A L P - f  ( Y O (  I t  t - O L T - Y P )  F C A U F V Y R
11 C P M T ( M L P
O P  1 ?  T =  t  . N U  ..............
XUO-L *<I - I ) / CNU-l t 
YUP=Sr*T
X U f  T ) =  X t , n * C A L F - ( Y U n  +  n L T - Y 7  t A S A L F  
Y U  I  I  ) =  X U n * S A L F  + ( Y L n + O L T - Y 7  1 A C A L F - W Y O
1 2  c o n t i n u e
C C C C C C F O G E  I N ' T P P S F C T T C N  A N D  P O I N T S  ( U I N T A ?  p d g e s  O N L Y  1 
Y *  =  n  . 0
A l =  I  Y (  2  ) - Y  ( I  n  ✓ « x <  2 - 1 - X I  1 > I 
F  l  =  Y f  I  > - A 1 * X ( t  1
x e = x ( 1  ) - Y ( 1 ) / A  1
I F ( X A . L F . X ( I t )  GO T O  1 3  
X f i  =  X ( 1 )
Y A s Y ( 1 1
1 3  n v = ( Y { ? ) - Y 6 ) / ( K F - 1 )  
o n  i t  i = i . » i f
Y p ( I )  =  Y P + ( I - 1 ) *C Y  
XF(  I ) = ( Y F {  I  l - o i  ) XA 1 
1 7  C C N T ! N U =
r c c r r c o F T P R M i n a t i o n  o f  f o p c f s  a n d  t h e i r  m o m e n t s
C C C C C C W F  T O H T  w
W = S S * G M M r T * ( _
M V s y *  ( O . E « L » C A L F - K  O . S - S G I  ) * T + O L T - Y P  1 * S A L P |
r c c c r r r n G F  w e i g h t  u p
V * F = n  , « * r * G M * S G » T * T
v w p a V . p « (  ( L A C * T / : . ) * C A L F - ( T / 3  . - S C I  * T A - O L T - Y R )  * S A L « )
C C P C C C A D D I T I O N A L  w e i g h t  D U E  T O  S U B M E R G E N C E
w w = o . O 
•/'- 4= C , 0
c c c c c c c c r r c  e o g f  f o r c e s  a n d  m o m e n t s  
p p = g m / c
V P a V O F 1 . 1  
XPr WsP . F T - f L  f L 5  
TTH?IA1*(1 •—Vft/>(2)1 
TTH^ TtAOSf TTH2)
T H E - T T  H 7
r p X s P n » V S * V S * Y 1 2 ) F Y  C ? ) * T T H 7 / ( X O O - X f 2 )  1 A 0 . 5 A G M A Y  I ? )  * Y ( P 1 +  1 . P T » Y  t ?
*  ) * V S * V S  
F F Y = - F E X  
* 2 ^ ! )  . P
C O 7  t  1 = 1 , ‘ I E
T H I  I  1=  T W ? * Y F I I  1 / Y ( ? 1
t t h ( 1 1  =  T H  f t )
7 1  7  f 11  =  ( y p ( I ) *  v f  t i  ) * t t h f I ) /  ( x r n - x E ( I ) ) )
• « - r = S ( ? P T  c ( x * > -  < ( ■ > !  ) * ( X ( 5 - Y t P |  ) A- { Y 6 - Y C  3 )  ) * (  Y 6 - Y  f 2  ) ) ) / (  N F  -  I )
C A I . L  P P ' S r H  ( ?  , ' a F ,  I  . N = , A 7 )
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1 4 6  M F v = S n r t v < ; * V ? * (  ( YF1—Y (  ?  ) ) « (  1 . 5 * Y < ? )  +  Y (  ? . ) * Y ( ? ) * T T H ? / (  X f f l - X  ( 2 1 1 1
1 M 7 ) + ( 1 M * Y ( ? ) * v ( ; ) * ( o ,  5 * Y R -  Y (  P ) / 1 . +  . 7 5 « V S * V S / r , l  
1 4 T  F O ' n = 0  .  S S G ' A S  t Y< 2  ) - Y 6 )  * C  X 6 - X T 2  ) ) - R O * V S  * V S  *  Y 1 2  ) * Y  t ? 7  /  ( X C I O - X  ( 2  > 1
1 4 0  AT =  Y  ( "  ) /  ( X ( 2  1 -  XC 1
1 4 0  R t = - X 6 * 4 I
I S O  A z  =  n . r >
1 6 1  O P  -»T 1 = 1 , NP
1 5 9  7 1  r f T  > =  ( A t  * A I * X F ( I ) A X E t  t ) + Z . * \  I * B I * X P { t >  +  P T * S I ) / ( x n n - x P T  T 1 1
1 S T  V - S = L / <  K F - t  )
1 5 4  r  I L L  S f ' S ^ N  < 7 ,  Vi « ,  1 , M P ,  A P Y )
1 5 5  v f = Y = R M * Y  ( 2 > * ( X 6 * X 6 X 6 . + X 6 T X t ? > / 6 . —X ( 2 I S X T 2 ) / 3 . >  - F t * *  V S *  V S  
l * < ( Y ( 2 1 * Y ( 2 ) * Y ( J ) / t X n ? - X t ? ) ) J - A E Y )
156 I F ( Y ( ? ) , L E . 0 . 0 1  F E X a t O . O
1 S T  I P ( Y ( ?  1 . L F . 0 . 0  ) m p x  =  0 . O
I S O  T P f Y  ( ? 1 . L E . n  . 0  ) F E Y a O . O
I S O  [ ' ■ ( Y I J I . l  r . o . o i  » » O Y = 0 . 0
r r r r c c F O P r E S  a n o  y c m e n t s  o n  b l o c k  u n o e r s t o e  
t n o  r T =  t  . o
1 6  1 Q = V " » H r
1 6 ?  B T = 2 . 0 * A L e
1 6 3  T r i = 2 , 0 * T A L F
1 6  4  OO 4 1  I = 1 , N U
1 6 ?  H = H O - Y U T  T 1
1 6 6  O F Y ' J O X f  I  ) = - C M * Y L ' (  T ) - P C l ’*Q5>0 Y T F I  S T A L ^ /  ( H * H )
1 6 7  r r Y u n x { I  ) = - C F Y L O X ( T )
1 6 0  C M Y U P X l  I  i m F Y U C X  D Y X U t t )
1 6 0  O F X U O X t  I  > = C T * G F * H * S - G M * T A L F * V U (  t  ) - H n * 0 « 0 * T 4 t F / ( t ' » H )
I  T O  C Y X U O X  f I  1 — t  Y R -  Y L ' (  I  > J * O F X U O  XC T )
1 7  1 4 1  C O N T I N U E
I T ?  * S = L / ( N U - 1 )
1 T - *  C A L L  S T y s o m  f  O F Y L O X  , W S  .  I  ,M>J , F U Y 7
1 7 4  P A L L  S T m s  ON  ( o m  Y L C X . W S .  1 » M'J * M L Y  )
175  C A L L  5 t M S O M T O F X L 0 X . w s .1 . N U . F U X )
C A L L  S I  M S O N f  O Y Jf U C  X ,  WS ,  1 , N ' J  • ‘A (;X )
r r r c c r c r c c r c r  t o t a l  f o r c e s  ■
I T T  C X = o r X  +  F l | X
I T S  p v s P P Y  + B j j y —w - W F - K V r
) 7 q  R T s O Y * f A L F - o y ? 5 A L F
I  9 0  V T 5 M ' , t U ' * F  +  « W A -  V P Y — « F  X - M U V T - M U X
t 5 I  A 9 =  0 Y
I S ?  1 P < Y P . 5 0 .  ( S G * T C ) . O R . Y R , P O .  f  S G I * T C )  > A A =  P T
1 S T  i r C « K  . 5 0 . ? )  AA =  « T
I P  A ’  P = T U P N  • —  '
1 o r  F v n
1 s  6  c i j r p o u T I N F  S t ' * « C N ( Y , l » 5 , t S ,  I L . A )
t « 9 T  o t y p n s t c m  X (  ' 0  I
I S P  I 1 S =  I S  *  1
I S O  11 1 =  t L -  1no a=o.-)
1 " 1  o n  O TK =  I 1 S . I L 1 . 2
i n ?  s  A= 4 + 4  . *  X ( I K  )  + ?  .  * X  ( I K + - 1  )
1 0 9  A =  (  A + 7  f  T S 1  — X C T L  ) ) * W £ / , 1 .
1 0 4  R f t u p m
105  = N O
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Velocity P ro fi le  Problem
S J C S W A T F I V  X X X X X X X X X X  R E D A
1 C O M  MO N / A  R E A I / N I  . N J  ,Q
2 C 3 M M a N / 4 S 5 A 2 / 3 U X < 2 5 . 2 5 )  . O U Y ( 2 5 . 2 5 ) . T X ( 2 S . 2 S ) . T Y ( 2 S » 2 5 )
3 CO M M O M / ARE A 3 / X C 2 5 . 2 5 )  .  Y ( 2 5 . 2 5 )  , X L ( 2 5 , 2 5  > . Y L  < 2 5 .  2 5  > . O ( 2 5 . 2 5 )
4 C O M M O N / 4 R E  A 4 / 5 X X ( 2 5 « 2 5 ) . E Y Y ( 2 5 . 2 5 )
S D I M E N S ! O N  U O V ( 2 5 . 2 5 > . F < 2 5 ) . F F ( 2 5 )
6 E A  =  1 .
7 G = 3 2 . 1 8
a G M - 6 2 . 4
9 E H P S = 0  . 0 5
t  0 E T H = l . 0
1 1 R E A D . N X . N J
1 2 R E A D . N I J K
13 DO 9 9 9  I J K = 1 . N I J K
14. R E A D . e s , a r , H . h i , q . s
I S RE  A D . R C I . R C 2 . R C 3 . R C 4
1 6 DO 9 9 9  K1  = 1  , 2
1 7 I F  ( K 1 * E  Q .  2  )  R C 2 = 0 . 0
i a P R I N T  2
1 9 2 F O R M A T ( • X X X X X X X X X X X X X X X X X X X X X X A X X X X X X X K X X X X X X X X X X X X X X X X X X X X '
20 PR I  N T .  N I  . N J
21 P R I N T . R C l . R C 2 . R C 3 . R C 4
22 P R I N T . O O . B T . H . H I . Q . S
23 A = 0 T « H - H I * ( S T —S B ) / 2 .
2 4 P a a T + H B + 2 . * ( H - H I ) + 2 . * S C R T ( H t * H I - { e T - 3 3 ) « ( D T  —B E ) / 4  •  )
2 5 I F ( R C 2 . E Q . 0 . 0 )  P = P - B T
2 6 R = A / P
2 7 V = Q / A
2 8 P R  I N T . A  . P . R . V
2 9 P R I N T . E A
3 0 P R I N T  2
3 1 DO 9 0  J * I . N J
3 2 D O 9 0  1 = 1 . N I
3 3 Y< I  .  J )  =  ( J - l  ) * H / ( N J - 1  )
3 4 X ( I . J > = ( 1 - 1 > * 3 T / ( N I - 1 )
3  5 t*E =  0 .  0
3 6 I F ( H I . N E . O . 0 )  W E » ( B T - S E ) * ( H I - Y ( I . J ) ) / H I
3 7 I F ( Y d . J ) . L E . H I )  X ( I , J ) » ( I - 1 ) *  (  8 T - W E  ) / ( N I -  1 > + . 5 * W E
3 8 SO C O N T I N U E
3 9 C A UL .  P R I N T ( X )
4 0 C A L L  O R I N T ( Y )
4 1 DO 9 1  J  =  1 . N J
4 2 D O 9 1  1 = 1 . N I
4 3 W = X ( N I , J ) - X ( 1 , J )
4 4 D = Y ( I . N J ) —Y ( I . 1 ) .
4 5 R C X 1 = R C 3
4 6 R C X 2 = R C 4
4 7 R C Y 2 = R C 2
4 8 RC Y 1 s R C l
4 9 I F ( X ( I  . J I . L T . X I  1 . 1 ) 1  R C Y 1 = R C 3
SO I F ( X ( I * J ) . G T . X C N l . 1 ) )  C C Y 1 = R C 4
5 1 XE =  X ( I . J ) - X ( 1 , J )
5 2 C A L L  E P S F N C ( X E . W . R C X 1  . K C X 2 . 0 . 5 . E X . E F N X . C R X . R F X . R R X , U O V X  )
S 3 E X X t I . J ) = E X
5 4 X L ( I , J ) = E X « R R X
5 5 YE =  Y (  I  .  J ) - Y (  I  . 1  )
5 6 C A L L  E P S F N C ( Y E . D . R C Y 1 , R C Y 2 . 0 . 5 . E Y . E F N Y . C R Y . R F Y . E R Y . L O V Y )
5 7 E Y Y ( I , J ) = E Y
5 8 Y L (  I  .  J ) = E Y * R R Y
5 9 U O V ( I , J >  = U O V X * U O V Y
6 0 S I C O N T I N U E
6 1 C A L L  P R I  N T ( E X X 1
6 2 C A L L  P R I N T ( E Y Y )
63 C A L L  P R I N T ( U O V )
6 4 DO 7 7  1 = 1 . N I
65 OO 7 7  J s l . N J
6 6 • U (  I  » J )  =  ( U O V ( I  . J ) * * E A )  * V
6 7 77 C O N T I N U E
6 8 C X t l __ P R L N T l U l — 9
69 A T = 0 . 0
7 0 DO 9 2  J a l . N J
7 1 E W = X ( N I  . J ) - X (  1 . J )
72 DO 9 3  1 = 1 . N I
7 3 S 3 F ( I ) = U ( I , J )
74 C A L L  S I M S O N ( F . E W . l . N I . A I )
75 F F  ( J ) = A  I
7 6 5 2 C O N T I N U E
77 H E = H
78 C A L L  S I M S O N ( F F . H E . 1 . N J , A A )
7 9 E s Q / A A
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1 8 5
6 0  D E = ! E - E T H J / E T H
8 1  P R I N T , O . A A . E . D E
a a  DO 9 A  J = 1 , N J
6 3  D O 9 4  1 = 1 . M t
8 4  U (  I  .  J )  * * U (  I  .  J )  * E
6 5  9 4  C O N T I N U E
9 6  C A L L  P R I N T t U )
9 7  C A L L  S H E A R ! T S H )
9 8  S = T S H / ( O M * A )
9 9  C N = l . A 9 * ( R * * < 2 . / 3 . ) ) 4 A 4 S Q R T  < S ) / C
9 0  P R I N T . T 5 H . A . S . C N
9 1  C A L L  P R I  N T ( D U X )
9 2  C A L L  P R I N T  ( D U Y )
9 3  P R I N T  2
9  4  P R I N T  2
9 5  P R I N T  2
9 6  9 9 9  C O N T I N U E
9 7  S T O P
9 8  E N D
9 9  S U B R O U T I N E  P R I N T ( F )
1 0 0  C O M M O N / A R E A  1 / N I . N J  * Q
1 0 1  D I M E N S I O N  F ( 2 5 . 2 5 )
1 0 2  P R I N T  I  , ( { F (  I  , J ) . I  =  l  . N I ) . J = 1 . N J )
1 0 3  1 F O R M A T !  I X . 1 1 F 1 0  . 5 )
1 0 4  P R I N T  8 2
1 0 5  8 2  F O R M A T  ( ✓ , •  * * * * * * * * 4  4 4 * * * * * * *  *  *  4 4 4 4 4 4 4 4 4 4 4 * ,  /  )
1 C 6  R E T U R N
1 0 7  E N D
1 0 8  S U B R O U T I N E  S I M S O N ! F . M S . I S . I L . A  )
1 0 9  O I M E N S I  ON  F ( 2 S >
H O  » S - W S / (  I L - l  )
1 1 1  1 1 S = I S * 1
1 1 2  I L I - I L - I
1 1 3  A =  0 . 0
1 1 4  DO 9  I  K = I  1 S •  I  L I  . 2
1 1 5  9  A = A > 4 . 4 F ! I K ) + 2 . 4 F  ( I K + l  )
1 1 6  A = ( A T F { I S l - F ! I L > J 4 W S / 3 .
1 1 7  R E T U R N
1 1 8  E N D
1 1 9  S U B R O U T I N E  E P S F N C ( X E  .  R .  R F I , R F 2 . A L F ,  E P . E P F ,  C R , R F . R R , U O V 1
1 2 0  E P S = 0 . 0 1
1 2 1  G = 3 2 . 1 8
1 2 2  V K = 0 • 4
1 2 3  I F I R F 2 . N E . 0 . 0 )  G O T O  I
1 2 4  A L M = 0 . 0
1 2 5  C R = R F 1
1 2 6  GO T O  1 0
1 2 7  1 I F I R F 1 . N E . R F 2  ) GO T O  2
1 2 9  A L M = 1 .
1 2 9  CR=>RF1
1 3 0  GO T O  1 0
1 3 1  2  R F 2 1 = R F 2 y R F I
1 3 2  R F 1 2 = R F I / R F 2
1 3 3  X R = 0 . 9  4 ! R 4 4  ( 1 . ✓ & . ) ) ✓ I R F 1 4 S 0 R T ! G ) 1
1 3 4  T = 0 . 9 5 4 R F 2 l * S G R T ! R F 2 1  )
1 3 5  K M = S 0
1 3 6  OO 3 2  K = 1 . K N
1 3 7  C = ! ! 1 . + T ) * 4 !  I , / 6 . ) ) *  I S  C R T  I T ) — 1 . ) 4 1 1 . / ! 1 . - R F 1 2 4 ! T 4 4 t  2 . / 3 . ) )  ) )
1 3 8  F - =C —O . 4 4 5 4 V K 4 ! R 4 4 !  I  , / 6 . )  l ^ R F l
1 3 9  D F = C 4 ! ( l . X ( 6 . 4 ( T + t . ) ) ) > ( l . / ! 2 . 4 ! T - S O R T ! T J ) ) ) 4 ! 2 . 4 R F 1 2 /
1 1 3 . 4 ! T 4 4 ! I » ✓ 3 . ) —R F I  2 4 T  )  )  ) )
1 4 0  T I = T - F / D F
1 4 1  I F  I A B S !  ! T I - T J / T I ) . L E . E P S )  GO T C  2 4
1 4 2  2 2  T  = T I
1 4 3  P R I N T  3 3 .  K N
1 4 4  3 3  F O R M A T ! • A F T E R * . 1 4 . *  I T T E R A T I C N S . .  N O S O L U T I O N  M A S  F O U N D * . ✓ , ✓ )
1 4 5  2 4  A L M = T I
1 4 6  Z = !  A L F - * - !  I  . - A L F )  4 R F  1 2 4 !  A L M 4 4 I . 6 6  6 7 )  ) / t t A L F + ( I  . - A L F  ) 4  A L  V ) * 4  I  .  6 6 6  6 7  )
1 4 7  CSt-KFl/Z
1 4 8  1 0  X 2 = R 4 A L M / l  1 . 4 - A L M )
1 4 9  X I = R / ! 1 . 4 A L M )
1 5 0  I F I X E . G T . X l )  G O T O  2 0
1 5 1  E P = X E / X t
1 5 2  R R = X l
1 5 3  R F  = R F 1
1 5 4  GO TO 3  0
1 5 5  2 0  E P - s !  R - X E ) / X 2
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1 8 6
1 5 6 RR =  X 2
1 S 7 R F * R F 2
i 8 e 3 0 C R F = 1  .  4 ' ) 4 (  R R * * (  I  . 7 6 .  ) ) / ( R F 4 S O R T  ( G )  1
1 5 9 I F ( E P . E O . O . O )  G O  T O  4 0
1 6 0 E P t  = S O R T ( I . - E P )
1 6 1 E P F = 2 . * <  A L U G ( S O R T ( E P ) / t I . - E P 1 ) ) - E P 1 - . 3 3 1 3 1 / V K
1 6 2 U O V = r l  . - E P F / C R F
1 6 3 GO T O  5 0
1 6 4 4 0 E P F = C R F
1 6 5 u a v = o .  0
1 6 6 III o C O N T I N U E
1 6 7 R E T U R N
1 6 S E N D
1 6 9 S U B R O U T I N E  S H E A R ( T S H )
1 7 0 C O M M O N / A R E A  1 / N I  , N J . O
1 7 1 C O M M O N / A R E A 2 / O U X ( 2 5 . 2 5 ) . D U T ( 2 5 . 2 5 ) . T X ( 2 5 , 2 5 ) . T Y ( 2 5 . 2 5 )
1 7 2 C O M M O N / A R E A 3 / X (  2 5  . 2 5 )  . Y  ( 2 S  . 2 5  )  .  X L  ( 2 5  .  2 S  )  .  Yl_ ( 2  5 .  2 5  ) .  U < 2 5  .  2 5  )
1 7 3 C O M M O N / A R E A 4 / E X X ( 2 5  . 2 5  )  . E Y Y ( 2 5 . 2 5 )
1 7 4 D I  M E N S I  ON  F ( 2 5 )
1 7 3 R E A L  MU
1 7 6 G s 3 2 .  1 8
1 7 7 R 0 = 6 2 . 4 / G
1 7 8 M U * R O * 0 . 0 0 0 0 1 4
1 7 9 VK = 0 . 4
1 8 0 N I l = N I - 1
1 3 1 N J 1 = N J - 1
1 8 2 N I 2 = N I - 2
t e 3 N J 2 * N J - 2
1 6 4 DO 9 0  J = 1 • N J
i e s D X = ( X (  N I . J ) - X ( 1 . J ) ) / ( N I - 1 )
1 8 6 OO 9 1  1 =*3 . N I  2
1 8 7 O U X (  I . J ) =< U ( I + 1 . J ) —U { I  — I • J  ) ) / ( 2  . * O X )
1 8 8 T X (  I . J ) = O U X ( I  . J ) * { M U 4 R C * V K * V K * X L ( I • J ) 4 X L (  I . J  ) * A B S ( D U X ( I , J )  ) )
1 8 9 5 1 C O N T I N U E
1 9 0 T X  ( 1 . J ) = T X ( 3 . J ) / (  1 . —E X X  ( 3 .  J  ) )
1 9 1 T X ( 2 . J ) = T X ( 1 . J ) 4 ( 1 . - E X X ( 2 . J ) )
1 9 2 T X ( N I . J ) = T X ( N I - 3 , J ) / ( 1 . - E X X ( N I - 3 . J ) )
1 9 3 T X ( N i l • J ) = T X ( N I . J ) 4 ( 1 . —E X X ( N I I . J ))
1 9 4 C A L L  D U  (  T X  ( l . J ) . X L ( l . J ) .  D U X  ( 1 .  J  )  )
1 9 5 C A L L  D U  (  T X  ( 2 . 3 )  > X L (  2  •  J  ) • D U X  ( 2  .  J  ) )
1 9 6 C A L L  D U  ( T X ( N I  *  J )  . X L  ( N I  • J  ) .  D UX  ( N I  .  J  ) )
1 9 7 C A L L  D U (  T X (  N I  1 • J )  , X L (  N I  1 .  J )  . D U X  ( N I  1 .  J  ) )
1 9 8 s o C O N T I N U E
1 9 9 DO 9 2  1 = 1 . N I
2 0 0 OO 9 3  J = 3 . N J 2
2 0 1 D Y = S O R T ( ( Y { I . J + t > - Y ( I , J ) > 4 { Y ( I , J - M ) - Y ( I , J ) ) 4 < X ( I . J  + l )
4 - X (  I  . J )  ) * (  X ( I , J  +  l  ) - X ( I  . J } ) )
2 0 2 D U Y ( I  . J > = ( U (  I  . J  +  l  ) - U  (  I  .  J - l ) ) / ( 2  . * C Y )
2 0 3 T V ( I  . J ) = O U Y (  I . J ) 4 ( M U 4 R C 4 V K 4 V K 4 Y L {  I  . J  ) 4 Y L (  I  . J ) 4 A 8 S ( D U Y < I . J ) ) )
2 0 4 5 3 C O N T I N U E
2 0 5 T Y ( 1 . 1  ) = T Y ( I  , 3 ) / < 1 . — E Y Y ( 1 . 3 ) )
2 0 6 T Y ( I . 2 ) = T Y ( I . 1 ) 4 ( 1 . —E Y Y { 1 . 2 ) )
2 0 7 T Y ( I  . N J ) = T V ( I  . N J —3  > / ( 1 . - E Y Y ( I . N J - 3 )  )
2 0 8 T Y ( I . N J 1 > = T Y ( I . N J ) 4 < 1 . - E Y Y ( I . N J 1 ) )
2 0 9 C A L L  D U  ( T Y <  I  . 1 )  » Y L (  I  .  1 ) . D U Y  ( I  .  1 )  )
2 1 0 C A L L  D U  ( T Y ( I . 2 ) , Y L ( I . 2 ) « O U Y ( 1 . 2 ) )
2 1 1 C A L L  D U  ( T Y (  I  . N J )  . Y L (  I  . N J )  . D U Y  C I . N J  ) )
2 1 2 C A L L  D U  ( T Y ( I  < N J 1 ) . Y L (  I  . N J l ) «  D U Y ( I . N J 1 ) )
2 1 3 5 2 C O N T I N U E  .
2 1 4 C A L L  P R I N T ( T X )
2 1 S C A L L  P R I N T ( T Y )
2 1 6 T S H = 0 . 0
2 1 7 DO 9 4  1 = 1 , M I . N I 1
2 1 8 DO 9 5  J - = l  . N J
2 1 9 5 5 F ( J ) = A B 3 ( T X ( I » J ) )
2 2 0 W S = 0 . 0
2 2 1 DO 9 5 1  J = 1 . N J
2 2 2 J K K = J + 1
2 2 3 I F ( J . E O . N J )  J K K = J —1
2 2 4 WA =  S Q R T ( ( Y (  I  . J K K ) —Y ( I . J ) ) 4 ( Y ( I  . J K K ) —Y ( I , J ) )+<X( I , J K K )
4—X ( I . J ) ) 4 ( X ( I . J K K ) - X ( I . J ) ) )
2 2 5 5 5 1 W S = F S 4 V ( A
2 2 6 C A L L  S I M S O N ( F , W S . 1 . N J . A A )
2 2 7 T S H = T 3 H 4 A A
2 2 8 5 4 c o n t i n u e
2 2 9 DO 9 6  J = 1 . N J . N J 1
2 3 0 DO 9 7  1 = 1 . M I
2 3 1 5 7 F ( I ) = A B S ( T Y ( I . J ) )
2 3 2 U S = X ( N I . J ) - X ( 1 . J )
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D.1 Sources of Errors
The sources o f experimental errors in performing the laboratory
tests in th is  study can be summarized as follows:
1. Errors in  measuring the flow depth:
a) Variation o f the f lo o r  ±0.100 inch (0.254 cm).
b) Reference level reading ±0.050 inch (0.127 cm).
c) E le c tr ic  point gauge reaiding ±0.010 inch (0.025 cm).
d) Water surface f luc tua tion  errors:
Upstream ±0.120 inch (0.305 cm).
Downstream ±0.080 inch (0.203 cm)
e) Longitudinal distances ±0.100 inch (0.254 cm).
2. Errors in^the ve lo c ity  measurements:
I .  Using the P ito t-tube:
a) A common instrument precision of ±1% was assumed.
b) Manometer reading o f ±0.050 inch (0.127 cm) which caused 
a possible e rro r in the observed ve lo c ity  o f  about ±1.2% 
at low ve lo c it ie s  and ±1.0% at high v e lo c it ie s .
c) V ertica l distance measured by the attached point gauge o f ±
0.060 inch (0.153 cm).
I I .  M iniature Current Meter:
a) A common instrument precision of ±1.00%.
b) Averaging o f d ia l readings e rro r of ±5.00%.
c) V ertica l distance measured by the attached point gauge
of ±0.060 inch (0.153 cm).
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3. The shear measurements were subject to an e rro r o f ±5.00% in
measuring the balance angle due to the common errors o f  reading 
and the e rro r due to the fluc tuations in the shear value caused 
by the unsteadiness in the flow was ±10.00 %.
D.2 Composite Error
The general equation of the theory o f  errors states th at i f
Q = Q ( Xr  X2 , . . . )  D .l
fs a defined re la t io n  th a t re la tes  the dependent variab le  Q to i t s
independent variables X2 , . . . .  e tc , then the to ta l e rro r in Q is :
2 2 2 2 2
( SQ ) = ( Z Q /Z ^ )  ( 6X1) + ( 8Q/3X2) ( 6X2) + ” * D.2
where 6X^» 6X2 , . . .  are the sp ec ific  errors in X^, X2 , . . .  th a t are made 
during th e ir  measurements. This equation can be applied to each experiment 
to estimate i t s  expected experimental e rro r .
D.3 Estimation o f Errors
In th is  section the experimental errors are presented:
1. Velocity P ro files
The to ta l  e rro r was estimated at ±2.5%.
2. Underside Configuration
This e rro r  was estimated a t less than ±2.00% on the average.
3. The Roughness Coeffic ients
The e rro r  in computing Manning's n was estimated as follows:
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1 49 Hn = R s 2 D.3
i n  -  f  r  E v  I 2  4.  4  ,  E . r  , 2  . 1 ,  E s  2  J j
T  -  H j l  + T ( T ) + D-4
where,
Ev /  V = re la t iv e  error in V estimated as ±2.0%
/  R = re la t iv e  error in R estimated as 2R C E y /Y )
Es /  S = re la t iv e  e rro r in S estimated as ( E /L )  /  2 + but as
S is very small compared to the 2 i t  w i l l  be considered 
as (E /L ) /2  and E is the e rro r in the water depth 
measurements assumed to be constant in both upstream and 
downstream ends.
The value o f the re la t iv e  e rro r in the composite roughness is
d if fe re n t  from one run to another. The e rro r  in measuring Chezy's C was
computed in the same manner. An average e rro r in  estimating the f r ic t io n  
fac tor was estimated as ±18.00%.
4. In s ta b i l i t y  of Blocks
a) The e rro r  in shear measurements was estimated at ±5.00%.
b) The erro r in the pressure measurement was 0.010 inch (0.025 cm).
c) The erro r in the in s ta b i l i t y  flow was estimated at ±10 GPM
(0.630 l / s ) .
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APPENDIX E
This appendix summarizes the data obtained in the course o f the 
experimental investigation . The results obtained are presented as follows
E . l  Velocity  P ro files
The two and three dimensional ve loc ity  p ro f i le s ,  measured 
experim entally, are given in Chaper V.
E.2 F ric tion  Factor
The measurements fo r  the estimation o f the cover underside 
f r ic t io n  fac tor are presented in Table E . l ,  Table E.2
E.3 Underside Configuration
The data collected fo r  the underside configuration o f loose 
covers are presented as follows:
Table E.3 Data measured in the 6" wide flume with tr ian g u la r  
bed form.
Table E.4 Three-dimensional configuration corresponding to the 
f l a t  bed in the 56" wide flume.
The data fo r  dune bed-form were taken a f te r  Haggag (27 ).
E.4 Cover Extension Mechanism
Typical measurements o f the pressure d is tr ib u tio n  of the cover
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
underside are presented in Table E.5, while Table E.6 is a summary of 
the c r i t ic a l  flow ( Maximum S ta b i l i ty  Flow ) fo r  blocks o f d iffreen t  
geometry and dimensions.
In th is Appendix a l l  the intermediate collected data and 
necessary calculations were omitted to avoid lengthy presentation of 
the experimental data.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
195
No. ^cfs Yf t Rf t C . L. . f t  Vs  inch
A k  • X
inch A A C2 i '  f t 2/  s
1 0.92 0.950 0.240 58.00 17.00 0.75 354 30.00
2 1.36 1.040 0.306 53.00 17.00 0.75 379 29.10
3 0.78 1.112 0.319 40.80 17.00 0.75 407 22.65
4 2.22 1.182 0,330 42.40 17.00 0.75 432 23.34
5 1,08 0.996 0,299 67,60 17.00 1.50 91 42.20
6 1.48 1,053 0,309 64,70 17 00 1.50 96 39.91
7 1,96 1,155 0,326 52.90 17,00 1,50 106 30.34
8 2.43 1.214 0,336 53.65 17,00 1.50 110 30.51
9 0.97 0,955 0.292 41.25 17,00 2,25 39 23.69
10 1,43 1.073 0,313 36.94 17,00 2,25 43 20.45n 1.97 1.142 0,324 42,16 17,00 2,25 46 23.36
12 2.41 1.211 0.333 43.87 17,00 2.25 49 24.11
13 1.04 0.964 0.293 99,44 11,33 0.75 233 83.13
14 1,48 1,038 0.307 74.62 11.33 0.75 252 48.90
15 1.97 1,150 0.325 59.90 11.33 0.75 280 35.41
16 2.51 1.224 0.337 64.37 11.33 0,75 248 38.33
17 1.04 0.970 0.295 45.65 11.33 1.50 59 26.50
18 1.50 1.054 0,309 53,27 11.33 1.50 64 31.22
19 1.94 1.137 0,323 47.39 11.33 1.50 69 26.74
20 2.40 1.190 0.332 50.73 11.33 1.50 72 28.67
21 0.97 0.951 0.291 39.55 11.33 2.25 26 22.62
22 1.48 1.063 0.311 35.65 11.33 2,25 29 19.71
23 1.94 1.133 0,323 39,64 11.33 2.25 31 21.84
24 2.49 1,206 0.334 43.60 11.33 2.25 33 24.00
25 1.03 0.972 0.295 50.70 5.66 0.75 118 30.00
26 1.52 1.064 0.311 66.00 5.66 0.75 128 41.00
27 2.04 1.144 0.325 69.00 5.66 0.75 140 42.80
28 2.57 1.221 0.337 61.50 5.66 0.75 149 36.10
29 1.00 0.957 0.292 48.00 5.66 1.50 29 28.16
30 1.50 1,058 0.310 51.00 5.66 1.50 32 29.60
31 1.92 1.129 0.322 60.00 5.66 1.50 34 35.60
32 2.34 'l .206 0.334 60.00 5.66 1.50 37 35.10
33 1.01 0.966 0.294 50.00 5.66 2,25 13 29.50
34 1.48 1.057 0.31Q 54,00 5.66 2.25 14 31.92
35 1.92 1.135 0.323 56.00 5.66 2.25 15 32.64
36 2.46 1.216 0,336 56.00 -5.66 2.25 16 32.19
TABLE E - l ; Friction Factors Data
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NO. R
f t ° 2 ^ f t 2/
C2
>
-6C2 L YA A
x-1
1 0.29 125.8 354
2 0.31 116.6 109.1 12.5 379 0.031
3 0.32 117.1 22.6 94.5 407 0.250
4 0.33 117.6 23.3 94.3 432 0.218
5 0.30 116.2 42.2 74.0 91 0.813
6 0.31 116.7 39.9 76.8 96 0.800
7 0.33 117.4 30.3 87.1 106 0.822
8 0.34 117.9 30.5 87.4 110 0.794
9 0.29 115.9 23.7 92.2 39 2.380
10 0.31 116.9 20.5 96.4 43 2.230
11 0.32 117.4 23.4 94.0 46 2.040
12 0.33 117.7 24.1 93.6 49 1.910
13 0.29 115.6 83.1 32.5 233 0.141
14 0.31 116.6 48.9 67.7 252 0.268
15 0.33 117.4 35.4 82.0 280 0.293
16 0.34 117.9 38.3 95.6 298 0.321
17 0.30 116.0 26.5 89.5 59 1.517
18 0.31 116.7 31.2 85.5 64 1.335
19 0.32 117.3 26.7- 90.6 69 1.312
20 0.33 117.7 28.6 89.1 72 1.240
21 0.29 115.8 22.6 93.2 26 3.630
22 0.31 116.8 19.7 97.1 29 3.400
23 0.32 117.3 21.8 , 95.5 31 3.120
24 0.33 117.7 24.0 93.7 33 2.890
25 0.30 116.1 30.0 86.1 118 0.730
26 0.31 116.8 41.0 75.8 128 0.590
27 0.33 117.4 42.8 75.6 140 0.540
28 0.34 117.9 36.1 81.8 149 0.550
29 0.29 115.9 28.2 87.7 29 3.020
30 0.31 116.7 29.6 87.1 32 2.720
31 0.32 117.3 35.6 81.7 34 2.390
32 0.33 117.7 35.1 82.6 37 2.250
33 0.29 116.0 29.5 84.5 13 6.500
34 0.31 116.7 31.7 85.0 14 5.980
35 0.32 117.3 32.6 84.7 15 5.570
36 0.34 117.9 32.2 85.7 16 5.220
Table E.2: Underside Friction Factor Data
note: a l l  units in f t . -s e c .
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^measured
(cfs)
Distance from the Head Tank ( In .)
30 35 40 45 50 55 60 65 70 75 80 85 90
0.0362 1.8 1.4 1.4 1.9 1,3 1.5 1.7 1.2 2.1 1.5 1.4 2.0 1.3
0.0506 1.7 1.8 1.4 1.9 1,7 1.4 1,7 1.2 1,6 1.7 1,2 1.6 1.6
0.0593 1.6 1.8 1.4 1.7 1.5 1.5 1.5 1.3 1.4 1.8 1.4 1.8 1.4
0.0723 1.5 1.5 1.6 2.0 1.3 1.7 1.7 1.3 2.0 1.7 1.5 1.8 1.3
0.0795 1.2 1.4 1.4 1.7 1.6 1.6 1.4 1.5 1.9 1.7 1.7 1.9 1.5
0.0919 1.3 1.7 1.7 1.9 1.7 1.5 1.7 1.6 1.6 1.6 1.7 2.0 1.5
0.1031 1.5 1.3 1.3 1.6 1.5 1.5 1.6 1.3 1.4 1.6 1.6 1.8 1.5
TABLE E-3b: Loose Cover Thickness for Various Flows Cinches) for 6" Flume with Triangular Bed-form
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r ............
Cover Thickness at Different X Values
No. L. Inch 0 6 12 18 24 30 36 42 48 54 60 inches
1 27.0 0.00 0.00 0,00 0.00 0.00 0.00 0.25 0.25 0,25 0.25 0.00 0.00
2 39.0 0.Q0 0,00 0.0Q Q.25 0.25 0.25 0.25 0,25 0.25 0.25 Q.00 0.00
3 50.5 0.00 0.00 0.00 0.82 1.47 1.60 1,20 1.04 1,48 0.74 0.00 0.00
4 62.5 0.00 0.00 0.00 0.47 1,38 2.07 1.93 1.11 1.44 2.04 1.22 1.25
5 71.5 0.00 1.59 2.00 2.00 1.47 1.04 0.99 1.37 1.87 2.24 2.01 2.60
6 86.0 3.25 2.21 2.03 1.49 1.23 1.07 1.02 1.29 1.33 1.48 1.12 1.25
7 98.0 1.75 1.77 1.58 1.30 1.25 1.17 1.00 1.45 1.65 1.78 1.59 1.50
8 110.0 1.25 1.45 1.49 1.50 1.56 1.20 1.30 1.30 1.59 2.00 1.52 1.28
9 122.0 1.60 1.71 1.57 1.02 1.19 1.27 1.39 1,58 1.82 1.41 ------ 1.60
10 134.0 H I G H O N E  UP TO T H E W E I R E F F E C T
Q -  1.63 cfs
TABLE E-4: Three Dimensional Underside Configuration
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TABLE E-6; Maximum Block S ta b ility  Conditions 207
Run
No. Edge J Qcfs
Y
f t
L
inches inches
1 Rectangular 0.093 820 10.00 16 0
2 Rectangular 0.093 960 10.75 16 0
3 Rectangular 0,093 1270 15.00 16 0
4 Rectangular 0.093 1240 16.13 16 0
5 Rectangular 0,093 0550 7.50 16 0
6 Rectangular 0,093 0650 8.75 16 0
7 Rectangular 0,093 1090 13.60 16 0
8 Rectangular 0.093 1160 15.75 16 0
9 Rectangular 0.093 0440 6.00 16 0
10 Rectangular 0,093 0860 11.25 16 0
11 Rectangular 0.093 0625 8.25 16 0
1 Rectangular 0.250 0510 7.75 6 0
2 Rectangular 0.250 0350 5.87 6 0
3 Rectangular 0.250 0460 7.65 6 0
4 Rectangular 0.250 0575 9.25 6 0
5 Rectangular 0.250 0860 11.65 6 0
6 Rectangular 0.250 0875 12.90 6 0
7 Rectangular 0.250 0460 .5 .91 6 0
8 Rectangular 0.25Q 0500 7.61 6 0
9 Rectangular 0,250 0740 10.55 6 0
10 Rectangular 0.250 0880 12.86 6 0
11 Rectangular 0,250 1060 14.50 6 0
12 Rectangular 0 ,25Q 1060 16.19 6 0
13 Rectangular 0.250 0890 13.33 6 0
14 Rectangular 0.250 0410 6.52 6 0
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Run
No. Edge J Q Y L Le
1 Rectangular 0.10 0380 5.54 15 0
2 Rectangular 0.10 0560 7.92 15 0
3 Rectangular 0,10 0830 10.92 15 0
4 Rectangular 0.10 1020 12.95 15 0
5 Rectangular 0.10 1150 14.93 15 0
6 Rectangular 0.10 1190 16.50 15 0
7 Rectangular 0,10 1080 13.90 15 0
8 Rectangular 0.10 0500 6.94 15 0
1 Rectangular 0.50 0440 5.83 3 0
2 Rectangular 0.50 0540 7.80 3 0
3 Rectangular 0.50 0710 10.42 3 0
4 Rectangular 0.50 0950 13.12 3 0
5 Rectangular 0.50 0980 14.16 3 0
6 Rectangular 0.50 1150 16.35 3 0
7 Rectangular 0.50 1030 13.82 3 0
8 Rectangular 0.50 0480 6.90 3 0
1 Rectangular 0.75 0360 5.38 2 0
2 Rectangular 0.75 0570 7.90 2 0
3 Rectangular 0.75 0770 10.69 2 0
4 Rectangular 0,75 1030 9.50 2 0
5 Rectangular 0.75 1030 14.35 2 0
6 Rectangular 0.75 1240 16.86 2 0
7 Rectangular 0.75 1170 14.25 2 0
8 Rectangular 0.75 0470 6.80 2 0
TABLE E-6 Cont'd
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2 0 9
Run
No, Edge J Q Y • L Le
1 Rectangular 0.99 400 6.10 1.5 0
2 Rectangular 0.99 580 7.92 1.5 0
3 Rectangular 0,99 850 10.90 1.5 0
4 Rectangular 0,99 1020 13,40 1.5 0
5 Rectangular 0.99 1220 15.02 1.5 0
6 Rectangular 0,99 1200 16.69 1.5 0
7 Rectangular 0.99 1020 13.85 1.5 0
8 Rectangular 0,99 560 .7.27 1.5 0
1 1:1 T. 093 1070 10.75 16 1.5
2 1:1 1.093 1380 13.75 16 1.5
3 1:1 1.093 1560 16.25 16 1.5
4 1:1 1.093 1660 16.50 16 1.5
5 1:1 1.093 760 8.25 16 1.5
6 1:1 1 .093 940 9.87 16 1.5
7 1:1 1.093 1475 15.00 16 1.5
8 1:1 1.093 1550 16.75 16 1.5
9 1:1 1.093 610 6.62 16 1.5
10 1:1 1,093 375 9.50 16 1.5
1 1:1 1*100 1500 16.18 15 1.5
9 1:1 1.100 1210 13.62 15 1.5
3 1:1 1.100 790 9.58 15 1.5
4 1:1 1 .TOO 440 5.58 15 1.5
5 1:1 1,100 910 16,73 15 1.5
6 1:1 1.100 1320 15.00 15 1.5
TABLE E-6 Cont'd
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Run
No, Edge J Q Y L Le
7 1:1 1,100 1000 11.55 15 1.5
8 1:1 1,100. 320 3,20 15 1.5
1 1:1 1.250 1220 16.14 6 1.5
2 1:1 1 .250. 1050 13.17 6 1.5
3 1:1 1.250 720 w9.33 6 1.5
4 1:1 1.250 360 5.15 6 1.5
5 1:1 1.250 .780 9.96 6 1.5
6 1:1 1.250 1210 14.72 6 1.5
7 1:1 1.250 850 10.82 6 1.5
8 1:1 1.250 220 2.98 6 1.5
1 1:1 1.500 1500 16.18 3 1.5
2 1:1 1.500 1190 13.33 3 1.5
3 1:1 1.500 . 740 9.43 3 1.5
4 1:1 1.500 460 5.62 3 1.5
5 1:1 1.500 .980 10.72 3 1.5
6 1:1 1.500 1210 14.72 3 1.5
7 1:1 1.500 900 11.12 3 1.5
8 1:1 1.500 230 .2.90 3 1.5
1 1:1 1.750 1330 16.10 2 1.5
2 1:1 1,750 1040 13.10 2 1.5
3 1:1 1,750 730 . 9,40 2 1.5
4 1:1 1.750 520 ;5.88 2 T.5
5 1:1 1.750 990 10.78 2 1.5
TABLE E-6 Cont'd
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Run
No. Edge J q Y L Le
6 1:1 1,750 T250 14.82 2 1.5
7 1:1 1,750 89.0 10.90 2 1.5
8 1:1 1,750 250 2.73 2 1.5
1 1:1 1,990- 1440 16.50 1.5 1.5
2 1:1 1,990 1250 13.92 1.5 1.5
3 1:1 1.990 .910 10.09 1.5 1.5
4 1:1 1.990 420 5.54 1.5 1.5
5 1:1 1,990 1050 10.98 1.5 1.5
6 1:1 1.990 1350 15.32 1.5 1.5
7 1:1 1.990 950 11.12 1.5 1.5
8 1:1 1.990 300 3.40 1.5 1.5
1 2:1 2.093 1340 11.75 16 3
2 2:1 2.093 1750 15.25 16 3
3 2:1 2.093 1600 16.25 16 3
4 2:1 2.093 1740 17.90 16 3
5 2:1 2.093 • 1060 9.30 16 3
6 2:1 2,093 1250 11.00 16 3
7 2:1 2.093 1550 15.40 16 3
8 2:1 2.093 1660 17.00 16 3
9 2:1 2.093 940 7.80 16 3
10 2:1 2.093 1190 10.40 16 3
TABLE E -6 Cont'd
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Run
No. Edge 0 Q Y L Le
1 2:1 2. TOO 1770 17.00 15 3
2 2:1 2,100 1320 14,30 15 3
3 2:1 2.100 1230 14.10 15 3
4 2:1 2.100 550 6.10 15 3
5 2:1 2,100 ' 1100 11,12 15 3
6 2:1 2.1QQ 1520 15.80 15 3
7 2:1 2,100 1280 12.20 15 3
8 2:1 2,100 440 4.02 15 3
1 2:1 2,250 1470 16.58 6 3
2 2:1 2.250 1220 13.88 6 3
3 2:1 2.250 1010 10.63 6 3
4 2:1 2.250 520 5.88 6 3
5 2:1 2.250 1040 10.96 6 3
6 2:1 2.250 1300 15.03 6 3
7 2:1 2.250 1250 12.22 6 3
8 2:1 2.250 340 3.62 6 3
1 2:1 2.500 1600 16,88 3 3
2 2:1 2.500 2500 17.30 3
3 2:1 2.5Q0 1870 13.95 3 3
4 2:1 2,500 1140 8.20 3 3
5 2:1 2,500 1100 11.02 3 3
6 2:1 2,500 2380 17,00 3 3
7 2:1 2,500 2200 14.90 3 3
8 2:1 2.500 560 5.00 3 3
TABLE E -6 Cont'd
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Run .
No. Edge J Q Y L e
1 2:1 2.750 2350 16.00 2 3
2 2;T 2.750 1940 13.23 2 3
3 2:1 2.750 1190 8.20 2 3
4 2:1 2.750 1950 13.70 2 3
5 2:1 2,750 2282 18.55 2 3
6 2:1 2.750 1970 14.96 2 3
7 2:1 2,750 900 5.70 2 3
1 2:1 2.99Q 2330 16.95 1.5 3
2 2:1 2,990 1810 12.95 1.5 3
3 2:1 2.990 1240 .8.40 1.5 3
4 2:1 2.990 1940 13.55 1.5 3
5 2:1 2,990 2240 17.40 1.5 3
6 2:1 2,990 2100 14.60 1.5 3
7 2:1 2.990 750 5.05 1.5 3
1 Circular 10.93 1170 11.25 16 1.5
2 Circular 10.93 1330 13.50 16 1.5
3 Circular 10.93 1510 16.05 16 1.5
4 Circular 10.93 1650 17.40 16 1.5
5 Circular 10.93 780 8.40 16 1.5
6 Circular 10.93 890 9.60 16 1.5
7 Circular 10,93 1430 15.00 16 1.5
8 Circular 10,93. 1525 16.75 16 1.5
9 Circular 10,93 600 6,60 16 1.5
10 Circular 10.93 870 9.30 16 1.5
TABLE E-6 Cont'd
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2 1 4
Run
No. Edge J Q Y L Le
1 Circular 11.00 570 6.02 15 1.5
2 Circular 11.00 950 10.02 15 1.5
3 Circular 11.00 1400 13.90 15 1.5
4 Circular 11.00 ■ 1600 16.05 15 1.5
5 Circular 11.00 ' 1660 17.49 15 1.5
6 Circular 11,00 1540 15.81 15 1.5
7 Circular 11.00 1240 12.66 15 1.5
8 Circular 11.00 . 380 13,70 15 1.5
1 Circular 12,50 550 5.98 6 1.5
2 Circular 12,50 800 9.36 6 1.5
3 Circular 12,50 1250 13.43 6 1.5
4 Circular 12.50 1290 15.20 6 1.5
5 Circular 12.50 1380 16.83 6 1.5
6 Circular 12.50 1300 15.02 6 1.5
7 Circular 12.50 1100 12.12 6 1.5
8 Circular 12.50 300 3.40 6 1.5
1 Circular 15.00 500 5.78 3 1.5
2 Circular 15,00 860 9.60 3 1.5
3 Circular 15.00 1200 13.22 3 1.5
4 Circular 15.00 1330 15.48 3 1.5
5 Circular 15,00 1570 17.35 3 1.5
6 Circular 15.00 1320 15,11 3 1.5
7 Circular 15.00 1100 12.12 3 1.5
8 Circular 15.00 450 4.00 3 1.5
Table E-6 Cont'd
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2 1 5
Run
No. Edge J . Q Y L Le
1 Circular 17.50 550 6.02 2 1.5
2 Circular 17.50 980 10.10 2 1.5
3 Circular 17.50 1240 13.36 2 1.5
4 Circular 17.50 : 1400 15.45 2 1.5
5 Circular 17.50 1660 17.00 2 1.5
6 Circular 17.50 1450 15.50 2 1.5
7 Circular 17,50 1200 12,60 2 1.5
8 Circular 17 .5Q 370 '3.70 2 1.5
1 Circular 19.99 600 6.23 1.5 1.5
2 Circular 19.99 910 9.82 1.5 1.5
3 Circular 19.99 1340 13.70 1.5 1.5
4 Circular 19,99 1490 15.70 1.5 1.5
5 Circular 19.99 1650 17.62 1.5 1.5
6 Circular 19.99 1450 15.50 1.5 1.5
7 Circular 19.99 1250 12.83 1.5 1.5
8 Circular 19.99 340 3.50 1.5 1.5
Note;
0 is a shape geometric factor when INT(J) = Le/ t
TABLE E-6 Cont'd
FRACTIONAL CO) = t /L  
Except fo r Circular Edge where, J -  J x 10
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In this appendix, the nomenclature and subscripts used in this  
thesis are presented. Each term is also defined as i t  f i r s t  appears.
F .1 Nomenclature
A -  Channel cross-sectfon area
A-j, Ag -  Cross-sectional area o'f channel and cover subsections 
respectively 
a a 1 -  Constants
9
B -  Channel top width, constant in general in s ta b il i ty  equation
b -  Channel Bed width, width of roughness elements
b' -  Constant
C -  Chezy's coeffic ient
C-j, Cg -  Chezy's coeffic ient fo r bed and cover subsections
C-j2 ~ Roughness ra tio  = c-j/C2
C* -  Non-dimensional modified Chezy's coeffic ient
C * i, C*2~ Modified Chezy's coeffic ient for bed and cover subsections 
respectively
CL, CD -  L i f t  and Drag coefficients, respectively
Cp - Dynamic pressure coeffic ient
CT -  Shear d istribution coeffic ient
c -  Edge shape factor
D -  Total flow depth
d -  Local flow depth
E -  Total energy, absolute error
Ep -  Error in measuring hydraulic radius
Es -  Error in measuring fr ic t io n  slope
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Ey -  Error in measuring velocity
E  ^ ~ Error in measuring flow depth
e -  Base fo r natural logarithms, eccentric ity  fo r edge weight
F -Force
Fn , -  Froude number -  V/ /gIT
F i , Fg -V e lo c i ty  d istribution functions 
f  -  Darcy’ s coeffic ient of roughness
g -  Acceleration due to gravity
H -  Total height between two datums, total energy head
H[_ -  Total head lost
h -  Local height of elements
i  -  Universal subscript
K. -  Specific gravity constant for in s ta b il i ty  of blocks
k -  Roughness height o f boundary
k-j, kg -  Roughness height for bed and cover underside boundaries
respectively
L -  Length of channel reach, block length, wave length
Le -  Length of block edge
1 -  Mixing length, local length
M -  Moment caused by a force, rotational in s ta b il i ty  function
m -  Atmospheric pressure in original Manning's formula
n -  Manning's roughness coeffecient
nl ’ n2 ^ anc* cover Manning's roughness cOeffecients respectively
n^g -  The roughness factor = n^/ng
p -  Channel wetted perimeter, pressure
Pv -  Vapour pressure
P i» ~ Wetted perimeter fo r bed and cover subsections respectively
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2 1 8
Pst - Static  pressure
p - Porosity, general point location
Q - Total flow rate
q - Flow rate per unit width
V Ice and sediment load respectively
R - Hydraulic radius -A /P  *, reaction
Rn - Reynolds' number =  pVD/y
rf R2 - Hydraulic rad ii of bed and cover subsections respectively
r - General exponent, rotation point subscript
S - Slope
S
0
- Channel bed slope
sf - Friction slope
Sg
- Specific gravity
T - Total shear force
t - Block thickness
*c - Cover thickness
U - Local average velocity in a s tr ip
U - Averaged velocity in turbulent flow
u - Lbcal velocity in a s tr ip
u' - Fluctuation in u due to turbulence
V - Average flow in the channel
Vmax - Maximum velocity in the channel
V V2 - Average ve loc ities  in bed and channel subsections respectively
v* - Shear ve lo c ity  = /x /p
v- - Volume
V Local ve loc ity  at a point in the cross-section
vs - Surface velocity
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v' -  Turbulent fluctuation in v
W -W eigh t, channel waveyness
X -  Axis X
x -  Distance along axis X
xQ -  Distance hetween the cover edge and f i r s t  point of e ffect U/S
Y -  Axis Y» total depth of flow
Y i , Y2 -  Flow depth to separation lin e  for bed and cover subsections
respectively
y -  Local flow depth, distance along Y axis
^1’ ^2 ~ Local depths in bed and cover subsections respectively
Z -  Loss weight factor fo r in s ta b il i ty  in blocks
a -  Angle of block ro tation , wetted perimeter ra tio  = P-|/P
3 -  Coefficient
y -  Unit weight o f water
6 -  Thickness of boundary layer
A -  Vertical displacement of blocks; height of roughness elements
and underside waves height 
e -  Relative depth = y/Y
g-| j G2 -  Relative depths in bed and cover subsections respectively
< -  Von Karman's constant
5 -  Local vertical coordinates for block
n -  Local horizontal coordinates fo r block
nb? ns " Thickness of bed and cover layers respectively
0 -  Angle of flow direction at the block edge
x -  Hydraulic ra d i i  ra t io  » R2/R-j
\i *  Dynamic viscosity
p -  Densi ty
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a -  Surface tension
t -  Shear stress
$ -  Flow angle under the cover
if/ ~ General function
F.2 Subscripts
1 -  Bed subsection
2 -  Cover subsection
ABS -  absolute value
b -  Bed
c -  Cover
Cr  -  C r it ic a l condition
d/dx -  Derivative w .r . t .x
E -  Error function
EXPC -  Exponent Exp Cx) = ex
e -  Edge
f  -  Friction
i -  General subscript
J -  General subscript
Log -  Logarithm to base 10
In -  Logarithm to base e
0 -  Order to magnitude of
o -  In i t ia l  or boundary value
u -  Underside of the cover or under cover generally
x -  In the X d irection, horizontal acting horizontally
Y -  In the Y d irection, acting v e r t ic a l ly ,  vertica l strip
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